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+ ABSTRACT

Metal-free transformations of organotrifluoroborates are advantageous since they avoid
using frequently expensive and sensitive transition metals. Lewis acid-catalyzed reactions
involving organotrifluoroborates have emerged as an alternative to metal-catalyzed
protocols. However, these methods rely on generating unstable boron dihalide species
thereby resulting in low functional group tolerance.

A Brgnsted acid-catalyzed carbon-carbon bond forming methodology involving
alkenyl- and alkynyltrifluoroborates and in situ generated carbocations has been
developed. In the presence of HBF4, we have shown that organotrifluoroborates react with
benzhydryl alcohols to afford alkenes and alkynes in good to excellent yields. This protocol
features excellent atom economy since alcohols and organotrifluoroborates react in a 1:1
ratio. Functional group tolerance superior to Lewis acid- and metal-catalyzed approaches
was demonstrated.

Furthermore, we were able to extend this method to 2-ethoxytetrahydrofuran which
underwent direct substitution to afford functionalized furans in moderate to excellent
yields. A variety of alkenyl- and alkynyltrifluoroborates readily participated in this

transformation.
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+ 1. INTRODUCTION

1.1 POTASSIUM TRIFLUOROBORATE SALTS

1.1.1 ORGANOBORON COMPOUNDS

In recent years, organoboron compounds have been increasingly used as reagents
for carbon-carbon bond formation. Namely, this is due to the fact that these reagents have
a low toxicity. In addition, these reagents are compatible with a wide range of functional
groupstt]. The relative non-toxic nature of organoboron-containing compounds can be
further supported by their presence in prescription pharmaceuticals (Figure 1). Bortezomib
was initially approved by the FDA in 2003 for the treatment of multiple myeloma and
mantle cell lymphoma. More recently, tavaborole was approved by the FDA in 2014 for
the treatment of onychomycosis, a fungal infection of toenails. Additionally, earlier this
year, the FDA accepted Anacor Pharmaceutical’s New Drug Application (NDA) for the
approval of crisaborole for the potential treatment of atopic dermatitis. Results from the

FDA with regards to this review are anticipated early next year.

[j)LH e
— (@) <
N \( F

Velcade® Kerydin©
bortezomib tavaborole crisaborole
(Millenium Pharmaceuticals) (Anacor Pharmaceuticals) (Anacor Pharmaceuticals)

Figure 1: Organoboron-containing pharmaceuticals

Boronic acids and boronate esters are two popular subclasses of organoboron
compounds (Figure 2). However, their prolonged storage is not without issues. Boronic

acids usually contain boroxines, also known as boronic acid anhydrides, resulting in

1



difficulties in stoichiometry determination[?l. When the hydroxyl groups of boronic acids
are replaced by alkoxy or aryloxy groups, this results in the formation of boronate esters.
This is advantageous since with the hydroxyl groups removed, boronate esters lose the
capability of acting as hydrogen bond donors and are, therefore, less polar and easier to
handlel®l. However, although they display a higher stability as compared to free boronic
acids, they are generally less reactivel?. Furthermore, both boronic acids and boronate
esters are sensitive to air and moisture due to the presence of an empty p-orbital on the

boron atomt4,

®
OH OR' K oF
/ / /
\ \ \ F
boronic acid boronate ester potassium

trifluoroborate salt

Figure 2: Organoboron compounds

In contrast, organotrifluoroborate salts have been gaining popularity as they have
been shown to overcome the limitation of stability. Present as crystalline solids, they are
both air and moisture stable, since they are not hygroscopic, which allows for indefinite
storage at room temperaturet?. Organotrifluoroborates also exhibit greater intrinsic
nucleophilicity than their boronic acid and boronate ester counterparts due to their
tetracoordinated naturetl. Furthermore, a wide variety are commercially available or can
be easily prepared on a gram scale from inexpensive materialst*256l,

Potassium hydrogen difluoride, KHF2, has been shown to serve as an appropriate
fluorinating agent towards the synthesis of organotrifluoroborates and is compatible with
many functional groupst?. Over the years, several one-pot methods have been developed
for the synthesis of trifluoroborate salts and several procedures are being continuously
reported. Three general methods that use the inexpensive KHF, reagent are shown below
and are widely used today!®! (Scheme 1). Firstly, organotrifluoroborates can be prepared
from organolithium or Grignard reagents through reaction with trialkylborates and then
subsequent reaction with KHF> (Scheme 1, Method A). Alternatively, hydroboration of

alkenes or alkynes with catecholborane followed by reaction with KHF, would afford

2



alkanyl- or alkenyltrifluoroborates (Scheme 1, Method B). Lastly, treatment of boronic
acids with aqueous KHF; is another popular method to furnish organotrifluoroborates
(Scheme 1, Method C).

R-MgX

B(OR KHF
Method A or (ORds : R—BF 4K
R—Li acetone (aq)
O\
BH
S o KHF> BF 3K
Method B R > RTXNPT3
acetone (aq)
OH KHF,
Method C R-B B ——— R_BFgK

OH  MeOH/H,0

Scheme 1: General methods for the preparation of organotrifluoroborates

Although KHF is safe to handle, the HF2 anion can cause extensive etching of
glassware. As a result, Guy Lloyd-Jones and coworkers recently reported a new method
for organotrifluoroborate preparation (Scheme 2). Through the use of KF and L-(+)-tartaric
acid, a variety of aromatic, vinylic, allylic and alkyl boronic acids were converted to the
corresponding organotrifluoroboratel”). Filtration of the product mixture to remove residual
KF and potassium bitartrate byproduct, followed by evaporation resulted in directly

obtaining the organotrifluoroborate product. The methodology was also applied to pinacol

boronates.
i) KF (4.0 equiv.), CH3CN/H,0, rt
/OH ii) L-(+)-tartaric acid, THF
R-B R-BF;K + Ksalts
OH iii) filter

iv) evaporate

Scheme 2: Preparation of organotrifluoroborates salts under non-etching conditions



1.1.2 METAL-FREE REACTIONS OF TRIFLUOROBORATES

Organotrifluoroborates have been shown to act as boronic acid equivalents in
palladium-catalyzed Suzuki-Miyaura couplings!®. However, our research is focused on the
development of metal-free reactions of organotrifluoroborates. Metal-free transformations
of organotrifluoroborates are becoming increasingly prevalent due to the cost and toxicity
associated with transition metals(®l. Namely, Lewis acid-catalyzed reactions have emerged
as an alternative to metal-catalyzed protocols.

1.1.2.1 LEWIS ACID-CATALYZED REACTIONS OF
TRIFLUOROBORATES

In 2002, Matteson and coworkers developed a mild and efficient route to the
synthesis of asymmetric secondary amines via an intramolecular reaction between azides
and alkyltrifluoroborates (Scheme 3). In this method, the Lewis acidic tetrachlorosilane
defluorinates the alkyltrifluoroborate salt to yield the reactive alkyldifluoroborane

intermediate°!

BF.K 1. SiCl — /O ,O
N; 3 4 /\/\r Ph o

N
Ph 2.H,0 BF,

Scheme 3: Lewis acid-catalyzed reaction of azide and difluoroborane intermediate

More recently, our group has described a straightforward method for the
preparation of ynones from acyl chlorides and alkynyltrifluoroborate salts in the presence
of a Lewis acid (Scheme 4). Reactive organodichloroborane intermediate is formed upon

exposure of alkynyltrifluoroborates with BCI3[*4.



o BCl, 0
+ RIZ=—BF;K ————> o1
R1JJ\CI CHCL, N N\,
rt, 30 min R

Scheme 4: Lewis acid-catalyzed alkynylation of acyl chlorides

Our group was then able to employ a similar BCls catalyzed protocol for the
synthesis of sterically hindered ortho-demethylated ynones from mixed anhydrides and
potassium alkynyltrifluoroborate salts (Scheme 5). The 2-hydroxy substituted ynone
products were then converted to biologically active natural product scaffolds!*?.

2
0 R
CSZCOQ, R1—: —
S Pz
R2—=—=—BF,K OoMe ©
OMeO O 3 OMe O ©
aurones
R R\ Nge
Z>0OMe CHCl, Z > oH
rt, 30 min
o-alkynoylphenols OMe O
TfOH
\—> 1 N \
R _ |
0~ "R?
flavones

Scheme 5: Lewis acid-catalyzed preparation of sterically hindered ynones and their
application to the synthesis of aurones and flavones

Additionally, organotrifluoroborates have also been shown to react with boron
trifluoride (BFs-OEt,). In 2009, Bode and coworkers developed a method for the synthesis
of dialkyl ethers from O-methoxymethyl (MOM) acetals and aryl-, alkenyl- or
alkynyltrifluoroborate salts (Scheme 6) 31, In this method, interaction of trifluoroborate
with BF3-OEt resulted in the formation of Lewis acidic organodifluoroborane species.
Although this reaction tolerated aryl-, alkenyl- and alkynyltrifluoroborates, electron-

deficient substrates resulted in poor yields. Later in 2011, Bode and coworkers were able
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to improve the reaction conditions through the use of a hydroxamate leaving group. This
resulted in improved regioselectivity of challenging substrates, higher yields of the dialkyl
ether products, reduction of the equivalents of Lewis acid and organotrifluoroborate as well
as allowed for electron-withdrawing (hetero)-aryls to be present™4l,

R2
R1J\O/\0Me ,
o . RO-BRK BF5OEt, 1jR\ .
R? e R 07 R
R1J\O/\O,N\H/Me

0]

Scheme 6: Lewis acid-catalyzed synthesis of dialkyl ethers from organo-
trifluoroborates and acetals

Stefani and coworkers developed a highly stereoselective and mild method for the
C-glycosidation of 3,4,6-tri-O-acetyl-p-glucal with alkynyltrifluoroborates (Scheme 7).
This reaction was mediated by BF3-OEt, Lewis acid. They proposed that reaction of BF3
and alkynyltrifluoroborate facilitates the generation of the organodifluoroborane Lewis
acid. Activation of 3,4,6-tri-O-acetyl-p-glucal with organodifluoroborane results in the
formation of an oxocarbenium ion and a nucleophilic tetracoordinated boron species.

Attack at the C-1 position resulted in the formation of a variety of a-C-glycosides!*®!.

R']
O BF3 OEt o %
AcO 1 3 2 AcO :
| + R'=——BF;k ——F— P
AcO" AcO"
OAc

Scheme 7: Lewis acid-catalyzed synthesis of a-C-glycosides from potassium
alkynyltrifluoroborates and pn-glucals



Liu and coworkers were also able to employ a BFs-OEt, mediated C-glycosylation
approach through the coupling of organotrifluoroborates and glycosyl fluorides (Scheme
8). Alkenyl and alkynyl C-glycosides were obtained in good to excellent yields with high
diastereoselectivity™®l,

O \F O \\\\\ R
BnO - BnO AN
- N BF3OEt2 -
BnO' OBn + g BFK 7 7, Bno OBn

OBn OBn

Scheme 8: Lewis acid-catalyzed direct C-glycosylation of glycosyl fluorides with
organotrifluoroborates

1.1.2.1.1 REACTIONS OF ORGANODICHLOROBORANES WITH
BENZHYDRYL ALCOHOLS

In 2006, Kabalka and coworkers have shown that the substitution of hydroxyl
groups of benzhydryl alcohols can occur using alkynylboron dihalides!*”! (Scheme 9). They
reported a novel method for directly converting aryl and aliphatic alkynes to the
corresponding alkynylboron dichlorides without the necessity to pre-form
alkynyltrifluoroborates. Migration of the alkynyl group from boron to carbon occurs
forming a variety of internal acetylenes in moderate to excellent yields.

R'-—=——H
1. n-BuLi
2.BClj
— 2
OH  n-BuLi oLi R—=-BcCl R>—o R?
—_— P > : —_ 1
R2 R3 R2 R3 R3 :B — R1 R3 — R

Scheme 9: Substitution of hydroxyl groups of benzhydryl alcohols with Lewis acidic
alkynylboron dihalides



In summary, metal-free Lewis acid-catalyzed reactions of organotrifluoroborates
have been extensively studied. However, the limitations of these protocols include the
necessity to preform unstable boron dihalide intermediates thereby resulting in a narrow

substrate scope.

1.1.2.2 REACTIONS OF TRIFLUOROBORATES WHICH OCCUR IN THE
PRESENCE OF BRONSTED ACIDS

Contrary to the previously outlined methods for the Lewis acid-catalyzed reactions
of organotrifluoroborates, Brgnsted acid catalyzed reactions of organotrifluoroborates are
uncommon. A literature survey only resulted in the findings that organotrifluoroborates

have been shown to participate in reactions whereby Brgnsted acids are present.

In the reaction shown by MacMillan and coworkers, vinyl and heteroaryl
trifluoroborate salts were viable substrates for amine-catalyzed conjugate additions[*8l,
They found that exposing crotonaldehyde to organotrifluoroborates in the presence of an
imidazolidinone catalyst and hydrofluoric acid resulted in the formation of the desired
aldehyde products (Scheme 10). The authors suggest that the presence of HF is necessary
for the sequestration of boron trifluoride by-product, by forming a BFsK precipitate, which
they confirmed by F NMR. Notably, HF has been used for the preparation of
trifluoroborate salts. Therefore, it may also act as a stabilizing agent for the

trifluoroborates.

/
Phmy
NH

or 20 mol%

=== N
o @ HF (1.0 equiv.) N o
SN TBFK DME, -20°C X Z

Scheme 10: Organocatalytic conjugate addition of trifluoro(organo)borates to a,p-
unsaturated aldehydes in the presence of a Brgnsted acid
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In 2013, Carreira and coworkers showed an iridium-catalyzed asymmetric
substitution reaction of allylic alcohols with vinyl trifluoroborates (Scheme 11). Although
catalyzed by an Ir-(P,olefin) complex, the reaction took place in the presence of 2.0
equivalents a Brgnsted acid, HF. Interestingly, in this case the authors suggested that HF
was present as a trifluoroborate activatorl *°1. Later on, they showed that direct
enantioselective  substitution  of  allylic  alcohols was  possible  with
alkynyltrifluoroboratest?®. Notably, they were able to avoid the use of hazardous and
corrosive HF in this protocol by using KHF> as an alternative fluoride source. Through the
use of KHF, and CF3COOH, they were able to generate HF in situ.

OH R 4 mol‘%:) [{Ir(cod)Cl},] R3 OO O
J\/ R2 16 mol% (S)-L R,
RN R 7R N |
BF 3K 10 mol % nBusNHSO,, A o
R' = arene, 2.0 equiv. HF, R' g O
heteroarene 1,4-dioxane, 4 h, 25°C (S)-L

Scheme 11: Iridium-catalyzed enantioselective allylic vinylation using allylic alcohols
and alkenyltrifluoroborates in the presence of a Brgnsted acid

Aggarwal and coworkers reported the allylation-like addition of trifluoroborates to
aldehydes in the presence of trifluoromethanesulfonic acid (Scheme 12). However,
although a Bransted acid was used, the procedure was mechanistically similar to Lewis

acid-catalyzed transformations since a difluoroborane intermediate was formed[?l,

BF,K
> TfOH (20 mol%)

1
R' + R2—cHO
CH,Cly, H,0 (2 equiv.)

-78°C to r.t.

MeO

Scheme 12: Addition of benzylic trifluoroborates to aldehydes in the presence of a
Brgnsted acid



1.2 RESEARCH OBJECTIVE

At the outset, we wanted to develop a set of metal-free Brgnsted acid catalyzed
reactions of organotrifluoroborates. By doing this, we would hopefully avoid issues
associated with typical Lewis acid-catalyzed protocols, which involve the generation of
unstable boron dihalide species. By avoiding the generation of Lewis acidic intermediates,

there was promise to extend the substrate scope beyond ether, halide and alkyl substituents.

Inspired by the work described by Kabalka and coworkers (Section 1.1.2.1.1), we
proposed that activation of benzhydryl alcohols could instead be accomplished via a
Bransted acid. Subsequently, in the presence of a nucleophilic organotrifluoroborate,
reaction at the benzhydryl center could be possible. Unlike Lewis acidic boron dihalides,
organotrifluoroborates do not need to be activated since they already have a

tetracoordinated boron center and will readily react as nucleophiles.
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1.3 BENZHYDRYL SCAFFOLDS

Development of methods for the synthesis of compounds which contain benzhydryl

scaffolds are synthetically useful. Namely, the diphenylmethane scaffold is prevalent in

natural products, bioactive compounds and several pharmaceuticals. The following Figure

3 illustrates three prescription pharmaceuticals present in the market which contain the

benzhydryl scaffold.

PPN :
o o g”@
o0 (OO N
| k H/ Orap®©
Detrol© OH pimozide
tolterodine ; (Janssen
(Pfizer) Toviaz© E

; - fesoterodine F Pharmaceutica)
antispasmodic (Pfizer) antipsychotic

antispasmodic

Figure 3: Benzhydryl scaffolds present in pharmaceuticals

1.3.1 SYNTHESIS OF BENZHYDRYL COMPOUNDS

1.3.1.1 METAL-CATALYZED REACTIONS OF BENZHYDRYL ALCOHOLS

Several protocols have been described for the functionalization of benzhydryl

centerst??], However, direct metal-catalyzed dehydrative coupling reactions involving

diarylmethanols have recently gained attention for several reasons. Firstly, a vast amount

of diarylmethanol derivatives are commercially available or can be easily prepared.

Secondly, the atom economy associated with these protocols is favourable as water is a

major byproduct!?3,

11



In 2009, Jiao and coworkers developed a sp-sp® carbon-carbon bond forming
methodology between terminal alkynes and benzhydryl alcohols via a Fe(OTf)3/TfOH co-
catalyzed coupling reaction[?4l, In this protocol, water was the sole byproduct (Scheme 13).

R3
Fe(OTf)3 (5 mol%)
OH o 3 TfOH (10 mol%) | |
J\ + H pr— R + Hzo
1 2
R" R DCE, reflux, 24 h
R "R?

Scheme 13: Metal-catalyzed dehydrative coupling of benzhydryl alcohols with
terminal alkynes

As well, metal-catalyzed alkenylation of benzhydryl alcohols are known[Z1,
Specifically, Gandon and coworkers have shown that the direct alkenylation of a variety of
alcohols, including benzhydrols, occurs in the presence of 2.0 equivalents of vinylboronic
acids through the use of a Ca(NTf>), catalyst!?®! (Scheme 14).

Ca(NTf,), (5 mol%) R
)O\H . OH nBusNPFg (5 mol%) f
/B\/\
Ph”” Ph HO R CH,Cl, o pn

Scheme 14: Ca''-catalyzed alkenylation of benzhydryl alcohols with vinylboronic
acids

However, several disadvantages are present for these metal-catalyzed approaches.
Specifically, these protocols oftentimes require the use of expensive, sensitive and toxic
metal catalysts. As a result, low functional group tolerance is observed.

12



1.3.1.2 METAL-FREE REACTIONS OF BENZHYDRYL ALCOHOLS

To avoid these limitations, metal-free reactions of benzhydryl alcohols is of
interest. Previously mentioned in Section 1.1.2.1.1, Kabalka and coworkers demonstrated
that the substitution of hydroxyl groups of benzhydryl alcohols can occur using
alkynylboron dihalides®” (Scheme 9). They have also developed a similar metal-free
methodology using benzhydryl alcohols and pre-formed alkenylboron dihalides! %"}
(Scheme 15). In both cases, the use of n-BuLi as well as the necessity to form unstable

boron dihalide intermediates resulted in a narrow substrate scope.

R'——H
le3
X
X X
OH  n-BuLi oLi KB g - B R?
1 ~
S U § R 0 —
R* "R? R* "R? 1 RS Vg
R? "R® X

Scheme 15: Metal-free substitution of benzylic hydroxyl groups with vinyl moieties
using vinylboron dihalides

Other methods for the alkenylation of benzhydryl alcohols under metal-free
conditions are known!?8l, However, of interest, Schaus and coworkers illustrated that the
enantioselective addition of alkenylboronates to benzhydryl alcohols and ethers occurs via
a chiral biphenol catalyst®® (Scheme 16). However, the necessity to use 2.0 equivalents of
unstable alkenylboronates and the requirement of a 2-hydroxy substituted benzhydryl

alcohol limits this methodology.
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OEt Br

|
B
£ Ph OO Ph
OH

+

P OO - N L
10 mol%
MeO OMe MeO

R =H, Et toluene

OMe

Scheme 16: Enantioselective addition of boronates to benzhydryl alcohols and ethers
catalyzed by chiral biphenols

Although methods for the alkenyl- and alkynylation of benzhydryl alcohols under
metal-free conditions are known, an operationally simple method, which avoids the use of
n-BuLli, the necessity to pre-form unstable boron dihalide intermediates and avoid the use
of unstable starting materials has not been developed. Furthermore, narrow substrate

scopes for a number of these methods is observed.

1.3.1.3 METAL-FREE REACTION OF BENZHYDRYLIUM ION AND
ORGANOTRIFLUOROBORATE

In 2012, Mayr and coworkers conducted a study which looked at determining the
relative nucleophilicity of organoboron compounds in comparison with related
nucleophiles“d. In this paper, they were able to show a single example of a pre-formed
benzhydrylium carbocation reacting with a single potassium 5-methylfuran-2-

yltrifluoroborate in the absence of a catalyst (Scheme 17).

9 /@BFBK o_

BF V7
4 0
® .
1.0 equiv. O O
~ ~ ~ ~

N N CH43CN, 20°C N N

| | . | 88% |
5 min

Scheme 17: Transition metal-free C-C bond forming reaction of organo-
trifluoroborate and benzhydrylium carbocation

14



1.4 a-FUNCTIONALIZED CYCLIC ETHER SCAFFOLDS

In addition to benzhydryl scaffolds, application of a Brgnsted acid-catalyzed
reaction of organotrifluoroborates towards the synthesis of ether scaffolds was also of
interest. Ethers are an important functional group in organic chemistry as they are found
among several bioactive compounds and pharmaceutical agentst®”l, Tetrahydrofuran (THF)
and tetrahydropyran (THP) rings are being increasingly observed in structures of new
bioactive compounds and natural products®!. Additionally, several bioactive molecules

which contain a-functionalized cyclic ethers are known? (Figure 4).

.

Zylofuramine (+)-Deoxyfrenolicin
psychomotor stimulant antimicrobial agent Myristinin A

DNA-damaging agent and
polymerase 3 inhibitor

Figure 4: Bioactive molecules which contain a-functionalized cyclic ethers

1.4.1 METHODS FOR THE SYNTHESIS OF a-FUNCTIONALIZED
TETRAHYDROFURANS AND TETRAHYDROPYRANS

C-glycosides are present in a number of natural products and enzymatically stable
analogs of pharmaceutical importance. As a result, a number of protocols for their
preparation has increased over the past several decades3. Namely, the carbon-carbon
glycosidic bond shows an increased stability toward chemical and/or enzymatic hydrolysis.

Thus, the development of new methodologies for the creation of anomeric carbon-carbon
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bonds is of interest. Specifically, the synthesis of 2-alkenyl and 2-alkynyl tetrahydrofurans

and tetrahydropyrans haven been explored.

Ley and coworkers have shown that a direct substitution of 2-benzenesulfonyl
cyclic ethers occurs by treatment with the corresponding organozinc reagents to afford
alkynylated products (Scheme 18). Both 2-(phenylsulfonyl)tetrahydropyrans and 2-

(phenylsulfonyl)tetrahydrofurans participated in the transformationst®*l.

R o) SO,Ph i-PrMgBr, ZnBr, (0] — R
q THF )
n=1,2 n=1,2

Scheme 18: Direct substitution of 2-benzenesulfonyl cyclic ethers using organozinc
reagents

Later in 2004, Ley and coworkers demonstrated that anomeric oxygen to carbon
rearrangements of alkynylstannane derivatives of furan and pyran rings occurs in the
presence of a BF3'OEt, Lewis acid (Scheme 19). This rearrangement resulted in the

formation of the corresponding carbon linked alkynol productst®,

OH
BF5 OEt )
0] SnR 3 2 e} =
O _— niR3 — m
v £
R ) m n=1,2 R )
n n
m=1-4

Scheme 19: Rearrangements of alkynylstannane derivatives of furan and pyran rings
catalyzed by BF3*OEt:

In 1996, Fuchs and coworkers showed that the alkynylation of C-H bonds occurs
via reaction of THF or THP with acetylenic triflones®®l. Alkynylated furan and pyran
derivatives were obtained in good to excellent yields (Scheme 20). The C-H
functionalization protocol was later extended to the domain of olefins using THF and vinyl

triflonest37.,
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0 AIBN or hv O, =
R—=—=—S0,CF; + —

n=1,2 n=1,2

Scheme 20: Alkynylation of C-H bonds via reaction with acetylenic triflones

Several additional methods for the synthesis of 2-alkenyl and 2-alkynyl
tetrahydrofurans and tetrahydropyrans have been explored. However, all of these methods
occur through tetrahydrofuranyl and tetrahydropyranyl a-oxy radical intermediates similar
to the method described abovel®8],

Also, Anderson and coworkers were able to prepare 2-alkynyl tetrahydrofurans and
tetrahydropyrans from cyclic and acyclic carbonates (Scheme 21). These cyclizations were

achieved through the use of palladium catalystst®l.

METHOD A (0] 0
Cyclic Carbonates | [PA(PPhs)a] (1 mol%)

1
0”0 PPTS (10 mol%) R Q\\\E/Rz
R1;/\_)\R2

dioxane, 50°C

METHOD B

Acyclic Carbonates
Pd(OAc), (5 mol%)

0,
OCOzMe ) dppf (10 mol /0) R3 § \O R4
R
= ' dioxane (
R OH n = 1: B(OH); (0.5 equiv.), 50°C §

n = 2: B(OH);5 (1.0 equiv.), 100°C

Scheme 21: Palladium-catalyzed cyclizations of cyclic and acyclic carbonates

In addition, when looking at methods for the synthesis of 2-alkenyl and 2-alkynyl
tetrahydrofurans and tetrahydropyrans, the use of boron-based compounds is limited.

Namely, Hall and coworkers employed a boronic acid catalysis approach for the direct
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cyclization of free allylic alcohols (Scheme 22). Mechanistic studies suggested that
complete or near-complete ionization of allylic alcohols into allylic carbocation

intermediates occurs when exposed to the boronic acid catalystl.

B(OH),
F
OH
MNUH F F
Ph R n F Nu
(10 mol%) phm)
- n
NuH = OH, NHTs R
n=123 CH3NO,
R=Ph,H

Scheme 22: Boronic acid catalyzed heterocyclizations of allylic alcohols

Additionally, Liu and coworkers illustrated that organotrifluoroborates and trityl
ions can be used for the C-H functionalization of THF (Scheme 23). Trityl salts were
generated by exposing trityl chlorides to GaCls Lewis acid. This method was tolerant to
alkenyl, alkynyl and aryltrifluoroborates. Mechanistic studies suggested that for THF and

other saturated ethers, the trityl ion functioned as a hydride acceptor*!l.

o) Ph,CCl, GaCl, O R

() + R-BFK Q/
CH20|2, rt

R = alkenyl, alkynyl, aryl

Scheme 23: C-H functionalization of THF using trifluoroborates and trityl ions

Although there are several protocols, which describe the preparation of these
desired products, the necessity to use expensive metal catalysts, stoichiometric amounts of
Lewis acid as well as sensitive reagents is what hinders the practicality of these methods.
As a result, we wanted to develop an operationally simple protocol involving a metal-free

transformation of organotrifluoroborates.
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1.42 METAL-FREE REACTIONS OF TRIFLUOROBORATES
(CONTINUED)

In addition to the methods described in Section 1.1.2 regarding metal-free reactions
of trifluoroborates, our group recently developed a Brgnsted-acid catalyzed methodology
for the alkynylation of acetals and ketals with alkynyltrifluoroborates (Scheme 24). After
the findings, which are described in the following Chapter 3 were obtained?, this protocol
for the preparation of propargylic ethers was developed as an extension of the substrates,
which reacted under similar Brgnsted acid-catalyzed conditions!“®l. Similar to Lewis acid
catalyzed methods shown by Bodel*'¥ and Stefanil'®, this Brensted acid-catalyzed

transformation was also proposed to occur through an oxocarbenium ion intermediate.

R3
MeO.__OMe HBF, Ot MeO. F
RT R + R3—=—=—BFK > R' 'R2
S0 CH3CN, 15 min S
AN -10 or -40°C ‘

Scheme 24: Brgnsted acid-catalyzed alkynylation of acetals and ketals with
alkynyltrifluoroborates

In showing that the alkynylation of acetals and ketals occurs via a Brgnsted acid
catalyst, we wanted to probe at similar scaffolds, which could undergo an analogous
transformation. Therefore, we envisioned that the synthesis of a-functionalized ethers
could be possible if the described methodology could be extended to tetrahydrofuranyl

and/or tetrahydropyranyl acetals.
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¢ 2. EXPERIMENTAL METHOD

2.1 GENERAL SYNTHETIC METHODS

All reactions were set up in 2 dram glass vials at room temperature under air. Unless
otherwise noted, all other reagents and materials were obtained from commercial suppliers
and used without further purification. Potassium trifluoroborate salts were synthesized
according to published procedurest*t:154243441 Reaction progress was monitored via thin
layer chromatography (TLC) on silica gel (60 A) with visualization using ultraviolet light
(254 nm) and by staining with potassium permanganate (KMnQO4) or phosphomolybdic
acid (PMA). NMR characterization data was collected at 25°C on an Oxford AS400 NMR
as solutions in deuterated solvents (CDClIs, acetone-ds and DMSO-de obtained from
Cambridge Isotope Laboratories, Inc.). *H and °F NMR spectra were collected at 400 and
376 MHz, respectively, while 3C {*H} and B {*H} NMR spectra were collected at 100
and 128 MHz, respectively. Chemical shifts are expressed in ppm values. IR spectra were
recorded on a Bruker ALPHA-P FTIR spectrometer using a platinum ATR with a diamond
ATR crystal. Spectra are reported in terms of frequency of absorption (cm™) and only
partial data is provided. Melting points were measured with a melting point apparatus and
are uncorrected. High resolution mass spectra (HRMS) were recorded using electrospray
ionization (ESI), electron impact ionization (EI), direct analysis in real time (DART) ion
source, and time-of-flight (TOF) mass analysis. Automated flash chromatography was
conducted using a Biotage Isolera flash chromatography system using silica gel (60 A, low

acidity, obtained from SiliCycle) and reagent grade solvents.
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2.2 SYNTHESIS OF POTASSIUM
ALKYNYLTRIFLUOROBORATE SALTS

Potassium alkynyltrifluoroborate salts were prepared according to a known procedurel*®],

1. n-BulLi or t-BulLi, -70°C, 1h

R—=——H R—=——BF;K
2. B(OMe)s, -60°C, 2h
3.aq. KHF,, -20°C tort, 2 h

General Procedure 1: To a solution of the indicated terminal alkyne (1.0 equiv.) in dry
THF at —70 °C under argon atmosphere was added either n-BuLi or t-BuLi (1.0 equiv.)
dropwise, and the solution was stirred for 1 h at this temperature. Trimethylborate (1.5
equiv.) was added dropwise at —60 °C. The solution was stirred at this temperature for 2 h.
A saturated aqueous solution of KHF; (6.0 equiv.) was added at —20 °C. The mixture was
allowed to stir for 1 h at —20 °C and for 1 h at room temperature. The solvent was removed
under reduced pressure, and the resulting solid was placed under vacuum overnight to
remove any remaining water. The solid was washed several times with hot acetone (4 x 10
mL), which was collected and concentrated to a volume of ~10 mL. The product was
precipitated with diethyl ether (30 mL) and cooled to 4 °C to complete precipitation. The
crystalline solids were collected by gravity filtration and further dried under vacuum to

afford alkynyltrifluoroborate salts 1a-k (Figure 5).
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Figure 5: Potassium alkynyltrifluoroborate salts
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2.3 SYNTHESIS OF POTASSIUM (E)-
ALKENYLTRIFLUOROBORATE SALTS

Potassium (E)-alkenyltrifluoroborate salts were prepared according to a procedure

modified from Molander and coworkers(*4.

R _OH KHF; (aq. R
\/\gj 2(aq.) \/\BF3K
OH Et,0, rt, 3h 2

General Procedure 2: To a solution of the indicated boronic acid (1.0 equiv.) in Et.O (6
mL) was added KHF> (2.8 equiv.), followed by H>0O (2.7 mL) over a period of 30 min.
After stirring at rt for 3 h, the solvent was removed under reduced pressure, and the
resulting solid was placed under vacuum overnight to remove any remaining water. The
solid was washed several times with hot acetone (4 x 10 mL), which was collected and
concentrated to a volume of ~10 mL. The product was precipitated with diethyl ether (30
mL) and cooled to 4 °C to complete precipitation. The crystalline solids were collected by
gravity filtration and further dried under vacuum to afford (E)-alkenyltrifluoroborate salts
2a-d (Figure 6).

WBFSK WBFsK
FsC
2a 2b

BF3K
O D
O 2c 2d

Figure 6: Potassium (E)-alkenyltrifluoroborate salts
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2.4 SYNTHESIS OF BENZHYDRYL ALCOHOLS

0 N MgBr
o] R OH

AN H > Nt X 7
R~ THF (anhyd.), R
0°C - r.t., 30-120 min.

General Procedure 3: A solution of the indicated benzaldehyde (1.0 equiv.) in dry THF
was treated with the indicated phenylmagnesium bromide solution (1.1-4.0 equiv.) at 0 °C.
After addition was complete, the mixture was allowed to stir at room temperature for
30—120 min. The reaction was quenched with aqueous 1 M HCI solution and extracted
with 50 mL of EtOAc. The organic layer was washed with water (3 x 30 mL) followed by
brine (1 x 25 mL). The organic layer was dried with MgSOa and concentrated. Purification

by flash chromatography with hexanes/ethyl acetate afforded products 3a-i (Figure 7).

OH OH OH
HO I I MeO l l OMe MeO Il I Cl
3a 3b 3c
OH OH OH
T i LR
N OMe )J\N 0~ >N OMe
| 3d H 3e H 3f
OH OH OMe OH
T J U
OMe © OMe
OH 3g H 3h 3i

Figure 7: Benzhydryl alcohols
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2.5 SYNTHESIS OF INTERNAL ALKENES AND ALKYNES

OH
R3 HBF4OEt2
:—Rz + \’%\BF3K -
CH3CN
rt, 15 min

N =
R
= \

General Procedure 4: In a2 mL vial containing a stir bar, the indicated benzhydrol alcohol
(1.0 equiv.) and potassium trifluoroborate salt (1.0 equiv.) were added followed by addition
of anhydrous acetonitrile (0.3 mL). HBF4-OEt, (1.3-2.6 equiv.) was added dropwise, and
the reaction was allowed to stir at room temperature for 15 min. The reaction was quenched
with water and extracted in 20 mL of ethyl acetate. The organic layer was washed with
water (3 x 15 mL) followed by brine (1 x 10 mL). The organic layer was dried with MgSO4
and concentrated. The products were purified by flash chromatography with hexanes/ethyl
acetate. In the cases where a CH3CN/hexanes extraction was required, the product was
solubilized in 5 mL of anhydrous acetonitrile in a 20 mL vial. Then, 1 mL of hexanes was
added, forming a bilayer. The two layers were thoroughly mixed and then allowed to settle.
The bottom acetonitrile layer was then removed and concentrated to afford the product. In
the cases where a pentane wash was required, in a minimum of chloroform, the product
was washed with 5 mL of pentane on a pipet column and eluted with diethyl ether to afford

the product.
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2.6 PROCEDURE FOR THE DEMETHYLATION OF 7

Phenol 8 was prepared according to a procedure modified from Hanson and coworkers!*®!,

BBr3

ove | DCM (anhyd.), on ||

O O 0°C - r.t., 30 min. O O

7 8

General Procedure 5: A solution of the indicated ortho-methoxy-substituted product 7
(1.0 equiv.) in dry DCM (0.1 M) was treated with boron tribromide solution (3.0 equiv.) at
0 °C. After addition was complete, the mixture was allowed to stir at room temperature for
30 min. The reaction was quenched with water and extracted with 20 mL of EtOAc. The
organic layer was washed with water (3 x 15 mL) followed by brine (1 x 10 mL). The
organic layer was dried with MgSO4 and concentrated. The product was purified by flash

chromatography with hexanes/ethyl acetate and concentrated. Further purification via a

CHsCN/hexanes extraction afforded the desired demethylated product 8.
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2.7 CYCLIZATION OF INTERNAL ALKYNE 8

Benzofuran 9 was prepared according to a procedure by Luo and coworkers e,

| | t-BuOK (2.0 equiv.) 0 O
OH \

dioxane
O O rt, 1.75h

8 9

General Procedure 6: The indicated ortho-hydroxy-substituted product 8 (1.0 equiv.) was
dissolved in anhydrous dioxane. Then, potassium tert-butoxide (2.0 equiv.) was added, and
the reaction mixture was stirred at ambient temperature for 1.75 h. The reaction solution
was then diluted with DCM (10 mL) and washed with brine (10 mL). The aqueous phase
was extracted with DCM (2 x 10 mL). The combined organic phase was washed with water
(3 x 15 mL) and brine (1 x 10 mL). The organic layer was dried with MgSO4 and
concentrated. The product was purified by flash chromatography with hexanes/diethyl
ether and concentrated. Further purification via a CHsCN/hexanes extraction afforded the

desired demethylated product 9.
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2.8 SYNTHESIS OF 2-ALKENYL AND 2-ALKYNYL
TETRAHYDROFURANS AND TETRAHYDROPYRANS

0
OR! or  HBFYOEL (15eq) v\ _R?
) RN e

n CH4CN n

n=1,0R"= OEt -10°C, 15 min 10-12
n=2,0R"'= OMe

General Procedure 7: In a 2 dram vial containing a stir bar, the indicated potassium
trifluoroborate salt (1.5 equiv.) was added at room temperature followed by the addition of
anhydrous acetonitrile (C = 0.1 M). The indicated THF or THP (1.0 equiv.) was then added
to the solution, and the solution was stirred at -10°C for 5 minutes. HBF4-OEt> (1.5 equiv.)
was added to the stirring solution at -10°C. The solution was stirred at this temperature for
15 minutes. The reaction was quenched with water and extracted with 20 mL of ethyl
acetate. The organic layer was washed with water (3 x 15 mL) followed by brine (1 x 10
mL). The organic layer was dried with MgSO4 and concentrated. The crude product was
purified by flash chromatography and concentrated. In the cases where a CH3sCN/hexanes
extraction was required, the product was solubilized in 5 mL of acetonitrile and 1 mL of
hexanes was added forming a bi-layer. The two layers were thoroughly mixed and cooled
to 0°C in an ice bath to promote separation. The bottom acetonitrile layer was then removed
and the extraction was performed again on the same hexanes layer. The acetonitrile

extractions were then concentrated to afford products 10-12.
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+ 3. METHODOLOGY DEVELOPMENT FOR
THE ALKENYLATION AND ALKYNYLATION
OF BENZHYDRYL ALCOHOLS WITH
ORGANOTRIFLUOROBORATES

3.1 METHODOLOGY DEVELOPMENT

3.1.1 OPTIMIZATION OF REACTION CONDITIONS

Our initial efforts were focused on the preparation of secondary alkylacetylene 4a
from potassium phenylacetylenetrifluoroborate salt 1la and commercially available
diphenylmethanol (Table 1). After careful consideration, we chose to use tetrafluoroboric
acid (HBF) as the catalyst. With a pKa of 0.5 in water*’], this Brgnsted acid has been
shown to be strong enough to promote the formation of benzhydrylium carbocations from
diarylmethanolst®l. Additionally, this Bransted acid has a non-nucleophilic counter ion

(BF47) which will not react with the benzhydrylium carbocation once it is generated.

We initially began with a screen of solvents and found that the desired product 4a
was not formed in DCM (Table 1, entry 1) and DMSO (Table 1, entry 2). Alternatively,
we found that when CH3CN was used as the solvent, the reaction yielded alkyne 4a solely
in 35% yield (Table 1, entry 3).

We then focused our attention on determining the optimal equivalents of each
starting material. We found that a slight excess of either diphenylmethanol (Table 1, entry
4) or potassium phenylacetylenetrifluoroborate salt (Table 1, entry 5) resulted in the
formation of an inseparable mixture of product 4a and the undesired dibenzhydryl ether
byproduct 13.
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Table 1: Optimization of Conditions for the Preparation of Secondary
Alkylacetylene 4a

OH + e Brensted acid l + )p;h i
2 oy T
4a
Benzhydrol  BF3K ) Acid Yield Ratio
Entry i ) Acid ) Solvent
(equiv.) (equiv.) (equiv.) (%) 4a:13
1 1.0 1.0 HBF4 OEt 1.0 DCM  trace
2 1.0 1.0 HBF4 OEt, 1.6 DMSO trace
3 1.0 1.0 HBF4 OEt, 1.0 CHCN 35 1:0
42 1.2 1.0 HBF4 OEt2 1.0 CH3CN 4:3
52 1.0 1.2 HBF4 OEt; 1.0 CH3CN 2:1
62 1.0 1.0 HBF4 OEt, 0.5 CHsCN 1:1
7 1.0 1.0 HBF4 OEt, 1.2 CHCN 37 25:1
8 1.0 1.0 HBF4 OEt2 1.4 CH:CN 37 1:0
9 1.0 1.0 HBF4 OEt2 1.6 CH:CN 41 1:0
10 1.0 1.0 HBF4 OEt, 1.8 CH:CN 36 1:0
11 1.0 1.0 HBF4 OEt, 2.0 CH:CN 34 1:0
12 1.0 1.0 4.0 M HCI 1.6 CHsCN trace
13 1.0 1.0 HSbFs 6H,0 1.5 CHs3CN  trace
14° 1.0 1.0 HBF4 OEt, 1.6 CH:CN 36 1:0
15¢ 1.0 1.0 HBF4 OEt, 1.6 CHsCN N/A
16¢ 1.0 1.0 HBF4 OEt, 1.6 CH:CN 34 1:0
17¢ 1.0 1.0 HBF4 OEt2 1.6 CH:CN 25 20:1

#The ratio has been determined by NMR analysis of crude reaction mixtures. "Reaction run at 0°C.
°Reaction run at 40°C. Product and unidentified by-product synthesized. YAnhydrous conditions.
€1.5 equiv. H>O added.
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Next, we looked at the effect of the acid catalyst loading on the reaction. Initially,
we observed that using a substoichiometric amount of HBF4 resulted in the formation of a
50/50 mixture of 4a and 13 (Table 1 , entry 6). By gradually increasing the amount of
HBF4, we observed that the yield of the desired product 4a was increasing, and that the
formation of the undesired dibenzhydryl ether byproduct 13 was suppressed (Table 1,
entries 7, 8). These observations were consistent with the findings that increasing the
equivalents of HBF4 results in inhibition of the formation of the dimer byproduct 13481, In
further increasing HBF4 to 1.6 equivalents, we obtained a 41% yield of 4a (Table 1, entry
9). Additional gradual increases in the amount of HBF4 resulted in a decrease in product
formation (Table 1, entries 10-11).

Efforts were then focused on seeing if alternative Brensted acids could catalyze the
reaction. HCI was initially tried since it could be purchased as an anhydrous solution in
dioxane. This was important since the HBF4 acid was purchased as an anhydrous complex
with diethyl ether. However, only trace amounts of product was formed when HCI was
used (Table 1, entry 12). Work-up NMR indicated that chlorodiphenylmethane emerged as
a byproduct due to the competing reaction of the nucleophilic CI” anion with the
benzhydrylium carbocation. Consequently, we realized that having an acid with a non-
nucleophilic counter ion was important. As a result, we then wanted to see if HSbFgs-6H20
could catalyze the reaction. This acid, like HBF4, also contains a non-nucleophilic counter
ion (SbFe") which should not react with the benzhydrylium carbocation. However, this acid
also only allowed for the formation of trace amounts of product 4a to form (Table 1, entry
13). In this case, however, the starting material was not consumed. Neither the product nor

the byproduct were observed.

With the tentatively optimized conditions at hand (Table 1, entry 9), we then
focused our attention on manipulation of other reaction variables (Table 1, entries 14-17).
With the reaction occurring within fifteen minutes at room temperature, we wanted to see
the effect of reduced temperature. We observed that running the reaction at 0°C (Table 1,
entry 14) resulted in the disappearance of diphenylmethanol within thirty minutes,
however, the yield decreased by 5%. We then wanted to see the effect of running the

reaction at increased temperature. When the reaction was conducted at 40°C (Table 1, entry
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15), diphenylmethanol starting material disappeared within fifteen minutes, however, this
resulted in the formation of an inseparable mixture of product 4a and a new unidentified
byproduct. Interestingly, the yield decreased from 41% to 34% when the reaction flask was
dried and the reaction was conducted under argon (Table 1, entry 16). We then looked to
see what the effect was of adding a controlled gquantity of water. The yield decreased
dramatically to 25% of product 4a and trace amounts of the dibenzhydryl ether byproduct

13 was formed when 1.5 equivalents of water was introduced (Table 1, entry 17).

3.1.2 INVESTIGATION INTO THE ORDER OF ADDITION OF
REAGENTS

The order of addition of reagents in this method was deemed to be very important.
Initially, 4-methylbenzhydrol and potassium phenylacetylenetrifluoroborate salt 1a were
pre-stirred in acetonitrile for one minute at room temperature. No evidence of a reaction
between the two starting materials was observed on TLC in the absence of the acid catalyst.
Once HBF4 was added, the reaction solution turned from a colourless transparent solution
to bright yellow solution, which was translucent. Product formation was clearly evident on
TLC. When the order of addition was changed, the reaction did not result in significant

product formation (Scheme 25).

then Ph then
Ph—=——BF;K OH || OH
1a Ph—=——BFK
Ph)\R 1a Ph)\R
+ Ph R
+
4b
HBF4OEt2 HBF4OEt2

. (trace amounts)

. R = —§@CH3

Scheme 25: Analyzing the order of addition of reagents
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When potassium phenylacetylenetrifluoroborate salt and HBF4 were pre-mixed,
which was followed by the addition of 4-methylbenzhydrol, the reaction resulted in trace
amounts of product 4b. Several byproducts were observed on TLC. It turned out that
potassium phenylacetylenetrifluoroborate salt 1a decomposed in the presence of HBFa.
This was confirmed by a set of NMR studies (Figure 8 and Appendix IlI). Firstly, in
deuterated acetonitrile solvent (CDsCN), potassium phenylacetylenetrifluoroborate salt 1a
shows a signal at -134.90 ppm in a °F NMR (Figure 8, NMR A). HBF4 shows a signal at
-150.49 ppm (Figure 8, NMR B). Then, potassium phenylacetylenetrifluoroborate salt 1a
and HBF4 were mixed in CD3CN in an NMR tube and a *°F NMR of the mixture was taken
immediately. We observed that the fluorine peak of the potassium phenylacetylene-
trifluoroborate salt 1a had disappeared but that the fluorine peak for HBFs was still
observed (Figure 8, NMR C). From looking at the proton and carbon NMRs of this reaction
mixture, characteristic peaks from phenylacetylene were observed (see Appendix Il for
additional spectra). Therefore, we propose that when potassium phenylacetylene-
trifluoroborate salt is exposed to HBFs in the absence of 4-methylbenzhydrol,
protodeboronation occurs. As a result of the decomposition, the reaction does not take place
once 4-methylbenzhydrol is added to the reaction mixture since only trace amounts of 4b

were observed.

NMR A NMR B NMR C

=134.90
15049
15047

SN ARSIV A A R M AT A W
phenylacetylene- HBF4 OEt; HBF4 OEt, +
trifluoroborate 1a trifluoroborate la

Figure 8: 1%F NMR study of potassium phenylacetylenetrifluoroborate 1a and
HBF4:OEt2 in CD3CN
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Similarly, when potassium phenylacetylenetrifluoroborate 1a was added to a
mixture of 4-methylbenzhydrol and HBF4, only trace amounts of desired product 4b were
observed on TLC (Scheme 25). After leaving the reaction for several hours, a significant
amount of 4-methylbenzhydrol was still observed on TLC and only a faint product spot
had appeared. After no change in the TLC after several hours, this illustrated that pre-

mixing 4-methylbenzhydrol and HBF4 was not advantageous.

Therefore, we found that it was imperative to add the HBF4 catalyst as the last

reagent in order for significant formation of the desired product.

3.2 PROPOSED MECHANISTIC PATHWAY

Illustrated in the following Scheme 26 is our proposed mechanistic pathway for the
formation of internal alkenes and alkynes. We suggest that a Brensted acid would protonate
the hydroxyl group of the benzhydryl alcohol (1). Subsequently, the protonated alcohol,
will dissociate in the form of a water molecule from the diphenylmethane compound (I1)
thus generating the benzhydrilum ion (I11). The nucleophilic trifluoroborate present in the

solution will then react with the electrophilic center, thus forming the final product (1V).

Scheme 26: Proposed mechanistic pathway for the preparation of internal alkenes
and alkynes
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3.3 RESULTS AND DISCUSSION

With the developed reaction conditions at hand, our next step was to look at the
scope of benzhydryl alcohols and organotrifluoroborate salts that are capable of

participating in the reaction.

3.3.1 REACTIONS OF PHENYLACETYLENETRIFLUOROBORATE
SALT WITH BENZHYDRYL ALCOHOLS

Initial investigation into the substitution effects revealed that benzhydryl alcohols
containing electron-donating substituents resulted in higher yields of the desired products
as compared to when electron-withdrawing substituents were present (Figure 9). As
previously discovered, when unsubstituted benzhydrol was used, product 4a was obtained
in 41% vyield. Furthermore, the yield of 4b was 67% when an electron-donating 4-methyl
substituent was present. The reaction exhibited mild sensitivity to the steric hindrance.
Electron-donating methyl group in the 2-position resulted in modest 51% vyield of product
4c.
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HBF 4, OEt,
(1.6 equiv.) H
T e e ~
CH3CN R1'—\ /'—R2
(1.0 equiv.) (1.0 equiv.) rt, 15 min - P
||

Ph Ph Ph
I I I
4a, 41% 4b, 67% 4c, 51% 4d 87%
(0.20 g, 77%)
Ph Ph Ph
I ! I
~o O O o~ cl O O ~ O O
4e, 91% 4f, 19% ° 4g, 84% “
Ph Ph
I I ||
0 0L IO
HO )J\N
4h, 66% H 4i, 61% OH 4j, 42%
(62%)?

Figure 9: Reactions of phenylacetylenetrifluoroborate salt with benzhydryl alcohols.
aUsing 1.3 equiv of HBF4

The yield further increased when stronger electron-donating 4-methoxy group was
present. Product 4d was obtained in excellent 87% yield. Notably, a scale-up reaction
afforded 0.20 g of 4d with a yield erosion of only 10%. Product 4e was obtained in an even
higher 91% vyield when two methoxy groups were present in the para-positions.

Conversely, a low 19% vyield of product 4f was obtained when an electron-withdrawing 4-
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chloro group was present. We propose that destabilization of the carbocation intermediate
occurs in the presence of electron-withdrawing groups. As a result, several unidentified
byproducts were observed.

Next, we then wanted to explore into whether the destabilizing electron-
withdrawing effect of one substituent in the 4-position could be off-set if an electron-
donating group was present in the 4’-position. When (4-chlorophenyl)(4-
methoxyphenyl)methanol was used, product 4g was obtained in excellent 84% vyield.
Seemingly, the negative effect of an electron-withdrawing group can be overcome by
applying this method.

Furthermore, we were pleased see that we were able to expand the scope to
unprotected protic functional groups. Free phenol- and amide-containing substrates
afforded products 4h and 4i in 66 and 61% vyields, respectively. When a carboxylic acid
functional group was present, modest 42% vyield of 4j was observed. However, we
proposed that the carboxylic acid moiety could act as a source of protons during the
reaction. As a result, we thought that in combination with the HBF; acid catalyst, excessive
amounts of acid present could have been responsible for the poor yield of 4j. Consequently,
we found that the yield increased to 62% when the amount of HBF4 was reduced to 1.3

equivalents.
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3.3.2 REACTIONS OF VARIOUS ALKYNYLTRIFLUOROBORATES
WITH BENZHYDRYL ALCOHOLS

Next, we looked to investigate into the scope of potassium alkynyltrifluoroborate
salts that were tolerant to this method (Figure 10). A wide range of
phenylacetylenetrifluoroborate salts that contained trifluoromethyl, chloro and fluoro
functional groups acted as sufficient coupling partners to afford the desired products 5a-5e
in excellent yields. Notably, product 5e was obtained in 82% yield when an unprotected
aldehyde group was present on the benzhydryl alcohol. Furthermore, unsubstituted
biphenyl- and naphthylacetylenetrifluoroborates afforded the desired products (5f-5h) in
good yield.

We then looked to examine other substituents which were tolerant to the
methodology. More specifically, we were able to expand the substrate scope to benzhydryl
alcohols, which contained an amine functional group. The presence of a dimethylamine
functional group resulted in a modest 53% yield of 5i. In the presence of acid, the basic
amine functional group could undergo protonation. As a result, we decided to increase the
acid-to-substrate ratio with the expectation of obtaining an increased product yield. With
the addition of 2.6 equivalents of HBF4 (one equivalent more than the usual acid loading),
we were able to improve the yield of 5i to 61%. We then applied the same conditions to a
benzhydryl alcohol, which contained a Boc-protected amine. We obtained a 51% yield of
the deprotected product 5j. This was to be expected since the Boc group is stable towards
most bases and nucleophiles, however, it is acid-labile.

Hexynyltrifluoroborate salt was a good coupling partner in addition to the
previously observed phenylacetylenetrifluoroborate derivatives. Desired product 5k was
formed in 73% vyield.
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R3
OH HBF,-OEt, I
X = 3 — (1.6 equiv.)
R”—())\O\:—RZ + R3-=—BFK
(1.0 equiv.) (1.0 equiv.) 3 _ )

rt, 15 min
Cl
(.
It

FsC O CFs cl O .
3 (J
Il f I
AT O “ WOAGY

5a, 89% 5b, 85% 5¢c, 99% 5d, 83%
O 5 O (O
Il Il Il
Il
o O o/ O O \o O o O o/
o 5e 82% HO 5t 710 59, 70% OH 5 66%
cl
l Il Il
J‘ Q. O, T
| 5i, 53% 5§, 51%2 5k, 73%
(61%)?

Figure 10: Reactions of various alkynyltrifluoroborates with benzhydryl alcohols.
aUsing 2.6 equivalents of HBFa. For 5j, Boc-protected amine was used as the starting
material.
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3.3.3 REACTIONS OF TRANS-STYRYLTRIFLUOROBORATES
WITH BENZHYDRYL ALCOHOLS

To our delight, we observed that potassium alkenyl trifluoroborate salts readily
participated in the developed methodology (Figure 11). More specifically, alkenyl
trifluoroborates such as potassium trans-styryl and 2-(3-fluorophenyl)vinyltrifluoroborate
salts afford the desired products in good to excellent yields (6a-6e). Consistent with our
previous findings, increasing the amount of HBF4 from 1.6 to 2.6 equivalents in the
presence of a dimethylamine substituent translated to a yield increase of 6d from 67% to
84%. As well, decreasing the amount of HBF4 from 1.6 to 1.3 equivalents in the presence
of a carboxylic acid containing benzhydryl alcohol resulted in a modest yield increase of
6e from 71% to 77%.

R3
R (1.6 equiv.)
A = =
R ARz + T UBEK - 0N 2
Z A CH5CN R P \.—R
(1.0 equiv.) (1.0 equiv.) rt, 15 min
;O Cr
P /O ’KZ
~ ~ O O ~
0] (0] (@)
6a, 97% 6b, 97%
O F oy
= =
O ® O O o O S
6¢c, 77% 6d, 67% 6e, 71%
(84%)? (77%)°

Figure 11: Reactions of trans-styryltrifluoroborates with benzhydryl alcohols. Using
2.6 or 1.3 equiv of HBFa.
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3.3.4 UNSUCCESSFUL TRIFLUOROBORATE SALT COUPLING
PARTNERS

When looking into the substrate scope of organotrifluoroborates, a few did not
prove to be successful coupling partners (Figure 12). More specifically, potassium
phenylacetylenetrifluoroborate salts that contained para-methoxy (1b) or para-butyl (1c)
groups did not react to form the desired products. Instead, the reactions resulted in the
consumption of the benzhydrol starting material and subsequent formation of multiple
unidentified byproducts. This illustrates that the method is not tolerant to
phenylacetylenetrifluoroborates containing electron donating groups. This is contrary to
what was observed in the above substrate scope, whereby, electron withdrawing halide
groups on the phenylacetylenetrifluoroborates proved to be successful coupling partners.

As a result, electron-rich trifluoroborates were poor coupling partners.

MeO@%BQK @—BF3K
1b
\_\—Q%BF3K 2 BEK
1c

Figure 12: Organotrifluoroborates that did not participate in the developed
methodology

>

With hopes to expand the substrate scope to aryltrifluoroborates, we attempted the
coupling reaction with potassium phenyltrifluoroborate salt. However, these efforts were
unproductive as multiple byproduct spots were observed on a TLC plate. Moreover,
benzhydrol starting material was still present after leaving the reaction for several hours.
Due to no change in the concentration of starting material estimated by TLC, potassium
phenyltrifluoroborate salt was likely decomposed by HBFa.

Lastly, we observed that alkenyl trifluoroborate salts proved to be successful

coupling partners in the developed methodology (Figure 11). Therefore, we wanted to see
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if potassium vinyltrifluoroborate salt would react to afford the desired product. However,
similar results were observed as in the case of potassium phenyltrifluoroborate, whereby,
multiple byproducts were formed and benzhydrol starting material was still present after

several hours.

3.3.5 APPLICATION OF THE DEVELOPED METHODOLOGY TO
THE SYNTHESIS OF BENZOFURAN 9

To illustrate the utility of the established method, we developed a preparation of
synthetically useful benzofurans. Annulations of ortho-propargyl phenols have been shown
to occur in the presence of bases to form 2,3-disubstituted benzofuranstél, We decided to
apply this cyclization procedure to a product synthesized via our methodology. Our
retrosynthetic analysis gave rise to a three-step approach illustrated in the following
Scheme 27.

o { cyclization OH ||
O e T O
VII VI OMe

developed
methodology

OH O OH OH

MeO Grlgnard ©\
0
oo O
OMe

Scheme 27: Retrosynthetic analysis towards the synthesis of benzofuran

Initially, we proposed that the reaction of 2-hydroxybenzaldehyde with 4-

methoxyphenylmagnesium bromide would result in the synthesis of 2-(hydroxy(4-
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methoxyphenyl)methyl)phenol (V). This benzhydryl alcohol could then react with
phenylacetylenetrifluoroborate salt 1a under the developed methodology to afford ortho-
propargyl phenol (VI). After application of the known cyclization procedurel*®],
benzofuran (V1) should be obtained.

However, issues arose when trying to conduct the first step of the synthesis
(Scheme 28). More specifically, when the reaction was initially run with 2.0 equivalents of
4-methoxyphenylmagnesium bromide, the 2-hydroxybenzaldehyde starting material was
not completely consumed over the course of the reaction. However, a product spot had
developed and was isolated after observing that the reaction was no longer progressing.
NMR analysis showed that product had formed, however, inseparable byproducts co-eluted
with the benzhydryl alcohol. A final attempt at the reaction resulted in the use of 3.0
equivalents of 4-methoxyphenylmagnesium bromide with the intentions of it reacting
completely with 2-hydroxybenzaldehyde. Although complete consumption of
2-hydroxybenzaldehyde was observed, inseparable byproducts still contaminated the
benzhydryl alcohol. As a result, we hypothesized that the hydroxyl group from
2-hydroxybenzaldehyde interfered during the reaction with the Grignard reagent, thus
resulting in the formation of byproducts.

MeO@MgBr OH OH
OH O
2.0 - 3.0 equiv
H OMe

THF, 0°C - rt mixture of product
30-60 min and byproducts

Scheme 28: Unsuccessful synthesis of 2-(hydroxy(4-methoxyphenyl)methyl)phenol

We then had to devise a new route towards the synthesis of 2,3-benzofurans. The
2-hydroxyl group is imperative for the cyclization to occur in the final step, however, we
envisioned that demethylation of a 2-methoxy group could be a viable alternative. As a
result, we looked to apply a Grignard reaction to 2-methoxybenzaldehyde as an alternative
(Scheme 29).
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@Mgsr Ph BF3K
(1. 0 equiv.)

OMe O OMe OH

(1.5 equiv.) HBF,4 (1.6 equiv.)
@“ O O
CH3;CN
THF, 0°C - r.t,, 1h rt., 15 mins. O O

79% 67%

t-BuOK (2.0 equiv.)

I 0 i

BBr; (3.0 equiv.) OH \
> dioxane, r.t., 2 h O

DCM, 0°C - r.t., 30 min O O 47%

73% 8

Scheme 29: Application of the developed methodology to the synthesis of
benzofuran 9

Successful reaction between 2-methoxybenzaldehyde and p-tolylmagnesium
bromide resulting in benzhydryl alcohol 3i in 79% vyield. Applying the developed
methodology to benzhydryl alcohol 3i using phenylacetylenetrifluoroborate salt 1a and
HBF4 catalyst afforded compound 7 in 67% yield. The additional step involved the
demethylation! of 7 using boron tribromide to afford ortho-propargyl phenol 8 in 73%
yield. Applying the potassium tert-butoxide cyclization procedure by Luo and

coworkers! €l to compound 8 resulted in 2,3-disubstituted benzofuran 9 in 47% yield.
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+ 4. METHODOLOGY DEVELOPMENT FOR
THE PREPARATION OF 2-ALKENYL AND
2-ALKYNYL TETRAHYDROFURANS

4.1 SUBSTRATE SCOPE FOR THE SYNTHESIS OF
2-ALKENYL AND 2-ALKYNYL TETRAHYDROPYRANS

Recently, our group has also shown that acetals and ketals act as suitable starting
materials under similar Bransted acid-catalyzed conditions*?]. This methodology has also
been optimized for 2-methoxytetrahydropyran, a cyclic acetal substratel“®], Previously,
compounds 10a and 10b were successful synthesized using this method™® (Figure 13).
Phenylacetylenetrifluoroborate was a good coupling partner which resulted in the synthesis
of 10a in excellent 82% vyield. However, when trans-styryltrifluoroborate salt was used,

product 10b was synthesized in poor 36% yield.

HBF4OEt2 7 N R1
e
O._OMe N BFK (1.5eq.) 0N
+ R1_:
= CH4CN 10
(1.0 eq.) (1.5 eq.) -10°C, 15 min.
o F 0\ o F
10a, 82% 10b, 36% 10c, 84%
F
OMe
o. F o F
10d, 48% 10e, 34%

Figure 13: Reactions of organotrifluoroborates with 2-methoxytetrahydropyran
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We then wanted to look into exploring other organotrifluoroborate salts, which
were tolerant to this method. With poor results obtained from the use of an
alkenyltrifluoroborate salt, we decided to focus on alkynyltrifluoroborates. We found that
hexynyltrifluoroborate salt (1d) afforded 10c in excellent 84% yield which was comparable
to when phenylacetylenetrifluoroborate was used. We then looked to pursue reactions with
other phenylacetylenetrifluoroborate derivatives. However, these efforts only provided
products 10d and 10e in meager 48% and 34% vyields, respectively. Evidently, both
electron-poor and electron-rich alkynyltrifluoroborates proved to be problematic towards
the developed methodology, whereas, sterically unhindered neutral organotrifluoroborates

(such as phenylacetylenetrifluoroborate and hexynyltrifluoroborate) were successful.

4.2 TETRAHYDROFURAN VS TETRAHYDROPYRAN

With the substrate scope of organotrifluoroborates and 2-methoxytetrahydropyran
looking discouraging due to only two products being synthesized in excellent yield, we
looked to determine the rationale behind this observation. In 1992, Woods and coworkers
proposed the six-membered oxocarbenium ring transition state model®™. Later, in 1999,
Woerpel and coworkers developed a general model, which explains the stereoselective

reactions involving five-membered-ring oxocarbenium ionstY.

i%;———& ] versus [ W()@

proposed 6-membered proposed 5-membered
oxocarbenium transition state oxocarbenium transition state

Figure 14: Transition state models for five- and six-membered oxocarbenium rings

In looking at the two transition states, it is evident that the 5-membered
oxocarbenium ring transition state allows for easier approach of nucleophiles in terms of
steric accessibility, as compared to the 6-membered oxocarbenium ion (Figure 14). Due to
this revelation, we looked at applying the above methodology towards tetrahydrofuran

cyclic acetals.
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4.3 OPTIMIZATION REACTIONS FOR THE PREPARATION
OF 2-ALKYNYLTETRAHYDROFURAN 11a

Initially, we looked to investigate into the efficiency of the HBF4 Bregnsted acid-
catalyst towards the substitution of 2-ethoxytetrahydrofuran by using unsubstituted

potassium phenylacetylenetrifluoroborate salt 1a as a model substrate (Table 2).

Table 2: Optimization of Conditions for the Synthesis of Tetrahydrofuran 11a

BF.K Bransted Acid

3
0]
OEt , Z o=
CH4CN
N .
1 -10°C, 15 min 1a

(1.0 equiv.) a

Entry BFsK (equiv.) Brgnsted Acid Brgnsted Acid (equiv.)  Yield (%)

1 1.1 HBF4 OEt, 1.1 75
2 1.1 CF3;COOH 1.1 trace
3 15 HBF4 OEt, 1.5 92

Previously, it has been found that when using acyclic acetals, a slight excess of 1.1
equivalents of both the organotrifluoroborate and HBF4 acid catalyst afforded the desired
products in good to excellent yields“®l. Therefore, we began our optimization with identical
stoichiometry (Table 2, entry 1). We found that the substitution was achieved with 75% of
the desired product 11a. Attempts to use trifluoroacetic acid, a Brgnsted acid with a similar
pKa to that of HBF4, only resulted in trace amounts of product formation (Table 2, entry
2). However, increasing the amount of the organotrifluoroborate and HBF4 catalyst to 1.5
equivalents resulted in higher yields when using the six-membered ring substrate,
2-methoxytetrahydropyran(®l. In applying these reaction conditions to 2-
ethoxytetrahydrofuran, we were able to obtain product 11a in an excellent 92% yield
(Table 2, entry 3). Since other reaction conditions, such as reaction temperature and solvent
were already extensively studied in our previous methodologies*>#34%1 we decided to

explore the organotrifluoroborate substrate scope.
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4.4 PROPOSED MECHANISTIC PATHWAY

[llustrated in the following Scheme 30 is our proposed mechanistic pathway for the
formation of 2-alkenyl and 2-alkyny! tetrahydrofurans. We propose that initial protonation
of 2-ethoxytetrahydrofuran occurs in the presence of the Brensted acid catalyst.
Subsequent elimination of ethanol from compound V11 results in the formation of the 5-
membered-ring oxocarbenium ion intermediate (IX). Reaction at the 2-position by
nucleophilic organotrifluoroborate results in the generation of the desired product (X).
With boron trifluoride being a byproduct, we propose that the in situ generation of ethanol
is advantageous since it can act as a sequestering agent. Previously, McMillian and co-

workers had to externally add hydrofluoric acid in order to sequester the boron trifluoride

byproduct!*el,
® ¢ EtOH R3
(HY BR . Z7\BF3K
A KRN G) @
o) 0 )% o) ) o]
(s —— o [ ©y l Cr\r

VIII IX X

Scheme 30: Proposed mechanistic pathway for the preparation of 2-alkenyl and
2-alkynyl tetrahydrofurans
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4.5 RESULTS AND DISCUSSION

With the developed reaction conditions at hand, our next step was to look at the

scope of organotrifluoroborate salts that are capable of participating in the reaction.

4.5.1 REACTIONS OF ALKYNYLTRIFLUOROBORATE SALTS
WITH 2-ETHOXYTETRAHYDROFURAN

Neutral naphthylacetylenetrifluoroborate salt proved to be a good coupling partner
as product 11b was obtained in a nearly quantitative yield (Figure 15). Both electron-rich
p-butyl and p-methoxy substituted derivatives of phenylacetylenetrifluoroborate salt
afforded products 11c and 11d in 93% and 78% yields, respectively. Remarkably, a scale-
up reaction afforded 0.18 g of 11c in essentially identical yield to the small-scale synthesis.
The developed methodology was also tolerant to phenylacetylenetrifluoroborate
derivatives, which contained electron-withdrawing substituents such as dichloro, fluoro
and trifluoromethyl. Products 11e-11g were obtained in good to excellent yields. Lastly,
hexynyltrifluoroborate salt effectively participated in the reaction to afford 64% of product
11h.
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H BF4O Et2

o) 1.5 equiv. R
Q/OEt + R—=—BFK (1.5 equiv.) _ @/
1

| . CH4CN
(1.0 equiv.) (1.5 equiv.) -10°C, 15 min

9 ”
11a, 92% 11b, 99% 11c, 93%

(0.18 g, 92%)

Cl
OMe Cl
o = O _= o =

11d, 78% 11e, 64% 11f, 61%
FsC
@ﬁ @/\/\
119, 82% 11h, 64%

Figure 15: Reactions of potassium alkynyltrifluoroborate salts with
2-ethoxytetrahydrofuran

4.5.2 REACTIONS OF STYRYLTRIFLUOROBORATE SALTS WITH
2-ETHOXYTETRAHYDROFURAN

To our delight, we discovered that potassium alkenyltrifluoroborate salts also
participated in the reaction. Namely, potassium trans-styryltrifluoroborate salts afforded

the desired products in moderate to excellent yields (Figure 16).
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Figure 16: Reactions of potassium trans-styryltrifluoroborate salts with
2-ethoxytetrahydrofuran

When unsubstituted potassium trans-styryltrifluoroborate salt was used, product
12a was obtained in 74% yield. We then looked at the effect of aromatic substituents on
the styryltrifluoroborates. We found that potassium 2-(3-fluorophenyl)vinyltrifluoroborate
and potassium (E)-trifluoro(4-(trifluoromethyl)styryl)borate (2a) reacted similarly to the
unsubstituted trans-styryltrifluoroborate salt. Desired products 12b and 12c¢ were formed
in 78% vyield. Conversely, electron-rich trans-styryltrifluoroborate salt derivative
containing a methyl group in the para-position only resulted in a modest 54% yield of
product 12d. Additionally, product 12e was obtained in 72% yield from reaction of
2-ethoxytetrahydrofuran with potassium (E)-4-phenylstyryltrifluoroborate salt (2c).
Lastly, when potassium trifluoro(1H-inden-2-yl)borate (2d) was used, product 12f was
obtained in 79% yield.
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+ 5. CONCLUSIONS AND FUTURE WORK

A novel set of Brgnsted acid-catalyzed reactions has been developed. At the outset,
the preparation of internal alkenes and alkynes from benzhydryl alcohols and
organotrifluoroborates has been shown?. This transformation was shown to proceed
rapidly in the presence of a HBF4 Brensted acid without the necessity to exclude air or
moisture. Excellent atom economy was illustrated as organotrifluoroborates and
benzhydryl alcohols were shown to react in a 1:1 ratio. Additionally, functional group
tolerance superior to that of Lewis acid- and metal-catalyzed approaches was
demonstrated. Namely, this method was tolerant to a variety of unprotected functional

groups such as free hydroxyl, amide, aldehyde and carboxylic acid.

Additionally, Brgnsted acid-catalyzed direct substitution of
2-ethoxytetrahydrofuran has been demonstrated!®?. Specifically, alkenyl- and alkynylation
of 2-ethoxytetrahydrofuran readily occurred in the presence of alkenyl- and
alkynyltrifluoroborates and HBFs. Functionalized furans were obtained in moderate to

excellent yields.

In future, further investigation into the scope of this reaction is of interest. We plan
to look at other in situ generated carbocations that could participate in this reaction, as well
as additional nucleophiles tolerant to this method. Furthermore, application of this method
towards C-glycosylation of sugars is of interest. Currently, direct C-glycosylation of
organotrifluoroborates with glycosyl fluorides is known[®l. However, this method requires
the use of BFs'OEt, Lewis acid. Furthermore, C-glycosylation of 5-membered ring sugars
using alkenyltrifluoroborates was not shown. Therefore, development of a Brgnsted acid-
catalyzed method involving organotrifluoroborates for C-glycosylation is of interest.
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+ 6. APPENDICES

APPENDIX I: COMPOUND CHARACTERIZATION DATA

POTASSIUM TRIFLUOROBORATE SALTS

MeOQ%BF3K

Potassium trifluoro(phenylethynyl)borate (1a)

The title compound was derived from phenylacetylene (2.45
g, 24.0 mmol, 1.0 equiv), n-BuLi (1.54 g, 24.0 mmol, 1.0
equiv), B(OMe)s (3.75 g, 36.1 mmol, 1.5 equiv), and
aqueous KHF (11.26 g, 144.2 mmol, 6.0 equiv) in 50 mL of
THF. 1a was obtained as a white crystalline solid (1.190 g,

4% vyield). 'H NMR (DMSO) § 7.27-7.29 (m, 4H), 7.21-

7.26 (m, 1H); °C {*H} NMR (DMS0) § 130.9, 128.2, 126.7,
125.5; F NMR (DMSO) & -131.71 (br. s, 3F); !B {*H}
NMR (DMSO) 6 -1.55 (s, 1B); HRMS (ESI/M-) calcd. for
CsHsBF3 169.0442, found 169.0438.

Potassium trifluoro((4-methoxyphenyl)ethynyl)borate
(1b)

The title compound was derived from 4-ethynylanisole
(1.00 g, 7.34 mmol, 1.0 equiv.), n-BuLi (0.470 g, 7.34
mmol, 1.0 equiv.), B(OMe)s (1.14 g, 11.0 mmol, 1.5
equiv.), and aqueous KHF2 (3.462 g, 44.3 mmol, 6.0
equiv.) in 25 mL THF. 1b was obtained as a white
crystalline solid (2.609 g, 55% yield). *H NMR (DMSO) &
7.20-7.22 (m, 2H), 6.83-6.85 (m, 2H), 3.73 (s, 3H); *C
{*H} NMR (DMSO0) & 158.0, 132.2,117.8, 113.8, 55.0; *°F
NMR (DMSO) § -131.50 (br. s, 3F); B {*H} NMR
(DMSO) 6 -1.67 (s, 1B); HRMS (ESI/M-) calcd. for
CoH7OBF3 199.0548, found 199.0543.

Potassium ((4-butylphenyl)ethynyl)trifluoroborate (1c)
The title compound was derived from 1-butyl-4-
ethynylbenzene (3.00 g, 18.0 mmol, 1.0 equiv.), n-BuLi
(2.15 g, 18.0 mmol, 1.0 equiv.), B(OMe)s (2.81 g, 27.0
mmol, 1.5 equiv.), and aqueous KHF (8.463 g, 108 mmol,
6.0 equiv.) in 50 mL THF. 1c was obtained as a white
crystalline solid (2.609 g, 55% yield). 'H NMR (DMSO) &
7.17-7.20 (m 2H), 7.08-7.10 (m, 2H), 2.54 (t, J = 7.4 Hz
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2H), 1.49-1.56 (m, 2H), 1.24-1.33 (m, 2H), 0.88 (t, J = 7.4
Hz, 3H); C {*"H} NMR (DMSO) & 140.9, 130.8, 128.2,
122.8, 34.6, 32.9, 21.7, 13.8; °F NMR (DMSO) § -131.60
(br.s, 3F); 1B {*H} NMR (DMSO) & -1.67 (s, 1B); HRMS
(ESI/M-) calcd. for C12H13BF3 225.1068, found 225.1065.

Potassium trifluoro(hex-1-yn-1-yl)borate (1d)

The title compound was derived from 1-hexyne (2.0 g, 23.6
mmol, 1.0 equiv), n-BuLi (1.51 g, 23.6 mmol, 1.0 equiv),
B(OMe)s (3.68 g, 35.4 mmol, 1.5 equiv), and aqueous KHF
(11.06 g, 142 mmol, 6.0 equiv) in 25 mL of THF. 1d was
obtained as a white crystalline solid (1.659 g, 36% yield).
'H NMR (DMSO) & 1.98 (m, 2H) 1.33 (m, 4H), 0.85 (m,
3H); 13C {*H} NMR (DMSO) & 31.1, 21.4, 18.5, 13.5; 1°F
NMR (DMSO) § -131.01 (br. s, 3F); "B {!H} NMR
(DMSO) 6 -1.30 (s, 1B); HRMS (ESI/M-) calcd. for
CeHoBF3 149.0755, found 149.0749.

Potassium trifluoro((3,4-dichlorophenyl)ethynyl)borate
(1e)

The title compound was derived from 3,4-dichloro-1-
ethynylbenzene (0.894 g, 5.22 mmol, 1.0 equiv), n-BuLi
(0.335 g, 5.22 mmol, 1.0 equiv), B(OMe)sz (0.81 g, 7.84
mmol, 1.5 equiv), and aqueous KHF (2.45 g, 31.3 mmol,
6.0 equiv) in 17.5 mL of THF. 1e was obtained as an off-
white crystalline solid (0.618 g, 43% vyield). 'H NMR
(DMSO0) 6 7.51-7.54 (m, 2H), 7.26 (dd, J = 2.0, 8.2 Hz, 1H);
3¢ {*H} NMR (DMSO) & 132.8, 131.7, 131.4, 130.9,
130.0, 126.4, 109.9; °F NMR (DMSO) & -132.12 (br. s,
3F); "B {*H} NMR (DMSO) & -1.70 (s, 1B); HRMS
(ESI/M-) calcd. for CgH3BClzFs: calculated: 236.9662,
found 236.9664.

Potassium trifluoro((3-chlorophenyl)ethynyl)borate (1f)

The title compound was derived from 3-chloro-1
ethynylbenzene (0.44 g, 3.25 mmol, 1.0 equiv), t-BuL.i (0.21
g, 3.25 mmol, 1.0 equiv), B(OMe)s (0.51 g, 4.87 mmol, 1.5
equiv), and aqueous KHF> (1.52 g, 19.5 mmol, 6.0 equiv) in
10.0 mL of THF. 1f was obtained as a white crystalline solid
(0.460 g, 59% yield). *H NMR (DMSO) § 7.30-7.32 (m,
3H), 7.24-7.28 (m, 1H); BC {*H} NMR (DMSO) § 132.8,
130.3, 130.1, 129.7, 127.4, 126.9; °F NMR (DMSO) &
-131.98 (br. s, 3F); 1'B {*H} NMR (DMSO0) & -1.51 (s, 1B);

54



CF;

FsC

FsC

BF4K

HRMS (ESI/M-) calcd. for CgH4BCIF3 203.0052, found
203.0054.

Potassium trifluoro((3-fluorophenyl)ethynyl)borate (1g)
The title compound was derived from 1-ethynyl-3-
fluorobenzene (0.67 g, 5.44 mmol, 1.0 equiv), n-BuLi
(0.349 g, 5.44 mmol, 1.0 equiv), B(OMe)s (0.85 g, 8.16
mmol, 1.5 equiv), and aqueous KHF (2.55 g, 32.7 mmol,
6.0 equiv) in 17.0 mL of THF. 1g was obtained as a white
crystalline solid (1.038 g, 84% yield). *H NMR (DMSO) §
7.30-7.35 (m, 1H), 7.07-7.14 (m, 3H); BC {*H} NMR
(DMSO) 6 161.8 (d, J = 243.1 Hz), 130.3 (d, J = 9.2 Hz),
1275 (d, J = 9.2 Hz), 127.3 (d, J = 3.1 Hz), 117.3 (d, J =
22.2 Hz), 114.0 (d, J = 21.5 Hz); F NMR (DMSO) §
-113.49 (q, J = 6.6 Hz, 1F), -131.97 (br. s, 3F); 1B {*H}
NMR (DMSO) 6 -1.56 (s, 1B); HRMS (ESI/M-) calcd. for
CsH4BF4187.0348, found 187.0348.

Potassium trifluoro((2-(trifluoromethyl)phenyl)ethynyl)
borate (1h)

The title compound was derived from 1-ethynyl-2-
trifluoromethylbenzene (1.00 g, 5.70 mmol, 1.0 equiv), n-
BuLi (0.365 g, 5.70 mmol, 1.0 equiv), B(OMe)s (0.89 g,
8.55 mmol, 1.5 equiv), and aqueous KHF, (2.67 g, 34.2
mmol, 6.0 equiv) in 17.0 mL of THF. 1h was obtained as a
white crystalline solid (0.879 g, 56% yield). 'H NMR
(DMSO0) 8 7.65 (d, J = 7.4 Hz, 1H), 7.51-7.58 (m, 2H), 7.39-
7.44 (m, 1H); *3C {*H} NMR (DMSO0) & 134.1, 132.0, 129.4
(9,3 =29.1 Hz), 126.9, 125.5 (q, J = 5.4 Hz), 123.7 (q, J =
273.0 Hz), 123.6; F NMR (DMSO) § -60.85 (s, 3F), -
132.09 (br. s, 3F); 1'B {"H} NMR (DMSO) & -1.61 (s, 1B);
HRMS (ESI/M-) calcd. for CeHsBFs 237.0316, found
237.0318.

Potassium trifluoro((3,5-bis(trifluoromethyl)phenyl)-
ethynyl)borate (1i)

The title compound was derived from 1-ethynyl-3,5-bis-
(trifluoromethyl)benzene (1.00 g, 4.07 mmol, 1.0 equiv), n-
BuLi (0.261 g, 4.07 mmol, 1.0 equiv), B(OMe); (0.63 g,
6.11 mmol, 1.5 equiv), and aqueous KHF2 (1.90 g, 24.4
mmol, 6.0 equiv) in 12.2 mL of THF. 1i was obtained as a
white crystalline solid (0.444 g, 32% vyield). 'H NMR
(DMSO) § 7.92-7.93 (m, 3H); *C {*H} NMR (DMSO) §
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131.3,130.6 (g, J = 33.0 Hz), 127.9, 123.0 (g, J = 273.0 Hz),
120.1; °F NMR (DMSO) & -61.73 (s, 6F), -132.41 (br. s,
3F); "B {*H} NMR (DMSO) § -1.65 (s, 1B); HRMS
(ESI/M-) calcd. for C10H3BFg 305.0190, found 305.0193.

Potassium trifluoro(naphthalen-1-ylethynyl)borate (1j)
The title compound was derived from 1-ethynylnaphthalene
(0.854 g, 5.44 mmol, 1.0 equiv), n-BuLi (0.349 g, 5.44
mmol, 1.0 equiv), B(OMe)s (0.85 g, 8.16 mmol, 1.5 equiv),
and aqueous KHF2 (2.55 g, 32.7 mmol, 6.0 equiv) in 17.0
mL of THF. 1j was obtained as a slightly pink crystalline
solid (0.876 g, 62% yield). *H NMR (DMSO0) § 8.33 (d, J =
8.2 Hz, 1H), 7.91 (d, J = 8.6 Hz, 1H), 7.82 (d, J = 8.2 Hz,
1H), 7.51-7.61 (m, 3H), 7.42-7.45 (m, 1H); C {*H} NMR
(DMSO) & 132.9, 132.8, 128.9, 128.1, 126.9, 126.3, 126.2,
126.1,125.5, 123.1; *°*F NMR (DMSO) & -131.46 (br. s, 3F);
1B {*H} NMR (DMSO) § -1.61 (s, 1B); HRMS (ESI/M-)
calcd. for C1oH7BF3 219.0598, found 219.0601.

Potassium trifluoro([1,1’-biphenyl]-4-ylethynyl)borate
(1k)

The title compound was derived from 4-ethynylbiphenyl
(1.00 g, 5.44 mmol, 1.0 equiv), n-BuL.i (0.349 g, 5.44 mmol,
1.0 equiv), B(OMe)s (0.85 g, 8.16 mmol, 1.5 equiv), and
aqueous KHF- (2.55 g, 32.7 mmol, 6.0 equiv) in 17.0 mL of
THF. 1k was obtained as an off-white crystalline solid
(0.201 g, 13% yield). *H NMR (DMSO) § 7.65-7.67 (d, J =
7.03 Hz, 2H), 7.58-7.61 (d, J = 8.6 Hz, 2H), 7.44-7.47 (m,
2H), 7.33-7.39 (m, 3H); *C {*H} NMR (DMSO) § 139.5,
138.3,131.5, 128.9, 127.5, 126.48, 126.45, 124.7; 1°F NMR
(DMSO0) & -131.70 (br. s, 3F); 1'B {H} NMR (DMSO) § -
1.22 (s, 1B); HRMS (ESI/M-) calcd. for CisHoBF3
245.0755, found 245.0757.

Potassium (E)-trifluoro(4-(trifluoromethyl)styryl)-
borate (2a)

The title compound was derived from trans-2-[4-
(trifluoromethyl) phenyl]vinylboronic acid (0.65 g, 3 mmol,
1.0 equiv.) and aqueous KHF- (0.66 g, 8.4 mmol, 2.8 equiv.)
in 6 mL Et2O. 2a was obtained as a white crystalline solid
(0.694 g, 83% yield). *H-NMR (DMSO) & 7.58-7.60 (m,
2H), 7.51-7.53 (m, 2H), 6.56 (d, J = 18.0 Hz, 1H), 6.39 (dq,
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J = 3.5, 18.0 Hz, 1H); BC {!H} NMR (DMSO) § 144.3,
131.8 (q, J = 4.6 Hz), 125.9, 125.2 (q, J = 3.8 Hz), 124.7 (q,
J =300.6 Hz); 1°F NMR (DMSO) § —60.60 (s, 3F), —138.31
(br. s, 3F).

Potassium (E)-trifluoro(4-methylstyryl)borate (2b)

The title compound was derived from trans-2-(4-
methylphenyl) vinylboronic acid (0.49 g, 3 mmol, 1.0
equiv.) and aqueous KHF (0.66 g, 8.4 mmol, 2.8 equiv.) in
6 mL Et2O. 2b was obtained as a white crystalline solid
(0.562 g, 84% yield). *H-NMR (DMSO0) § 7.19 (d, J = 8.2
Hz, 2H), 7.05 (d, J = 7.8 Hz, 2H), 6.42 (d, J = 18.0 Hz, 1H),
6.10 (dg, J = 3.5, 18.0 Hz, 1H), 2.25 (s, 3H); *C {*H} NMR
(DMSO0) § 137.6, 134.7,132.8, 128.8, 125.3,20.7; 1°F NMR
(DMSO) 6 —137.73 (br. s, 3F).

Potassium  (E)-(2-([1,1’-biphenyl]-4-yl)vinyl)trifluoro-
borate (2c)

The title compound was derived from trans-2-(4-biphenyl)
vinylboronic acid (0.67 g, 3 mmol, 1.0 equiv.) and aqueous
KHF2 (0.66 g, 8.4 mmol, 2.8 equiv.) in 6 mL Et,0. 2c was
obtained as a white crystalline solid (0.108 g, 13% yield).
'H-NMR (DMSO) & 7.63-7.66 (m, 2H), 7.55-7.58 (m, 2H),
7.39-7.46 (m, 4H), 7.30-7.35 (m, 1H), 6.52 (d, J, = 18.0 Hz,
1H), 6.25 (dg, J = 3.5, 18.0 Hz, 1H); C {*H} NMR
(DMSO) 6 140.1, 139.5, 137.5, 132.5, 128.9, 127.0, 126.6,
126.3, 125.9; 1%F NMR (DMSO) & —137.85 (br. s, 3F).

Potassium trifluoro(1H-inden-2-yl)borate (2d)

The title compound was derived from 1H-indene-2-boronic
acid (0.48 g, 3 mmol, 1.0 equiv.) and aqueous KHF> (0.66
g, 8.4 mmol, 2.8 equiv.) in 6 mL Et,0. 2d was obtained as
an off-white crystalline solid (0.537 g, 81% yield). *H-NMR
(DMSO) & 7.33-7.35 (m, 1H), 7.19-7.20 (m, 1H), 7.08-
7.12 (m, 1H), 6.94-6.98 (m, 1H), 6.55 (s, 1H), 3.16 (s, 1H);
1B3C {*H} NMR (DMSO) & 147.5, 145.7, 129.8, 125.4,
123.1, 122.2,119.0, 41.7; °F NMR (DMSO) & —137.30 (br.
s, 3F); HRMS (ESI/M-) calcd. for CoH7BF3 183.0598, found
183.0609.
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4-(hydroxy(phenyl)methyl)phenol (3a)

The title compound was derived from 4-
hydroxybenzaldehyde (0.153 g, 1.25 mmol, 1.0 equiv)
and phenylmagnesium bromide (0.453 g, 2.50 mmol, 2.0
equiv) in 5.0 mL of anhydrous THF. Purification by
automated flash column chromatography on silica gel
using hexanes/EtOAc (3:1) afforded product 3a (0.196 g,
79% vyield) as a white solid. IR (Diamond-ATR) v 3393,
3154, 1595, 1447, 1171, 1000, 815, 695, 556 cm™; H
NMR (DMSO) & 9.22 (s, 1H), 7.26-7.34 (m, 4H), 7.12-
7.19 (m, 3H), 6.67 (d, J = 8.6 Hz, 2H), 5.67 (d, J = 3.9
Hz, 1H), 5.59 (d, J = 3.9 Hz, 1H); *¥C {*H} NMR
(DMSO) 6 156.1, 146.1, 136.1, 127.9, 127.5, 126.4,
126.1, 114.7, 73.9.

Bis(4-methoxyphenyl)methanol (3b)

The title compound was derived from 4-
methoxybenzaldehyde (0.139 g, 1.02 mmol, 1.0 equiv)
and 4-methoxyphenylmagnesium bromide (0.649 g, 3.07
mmol, 3.0 equiv) in 3.0 mL of anhydrous THF.
Purification by silica gel column chromatography using
hexanes/EtOAc (5:1) afforded product 3b (0.248 g, 99%
yield) as a yellow solid. IR (Diamond-ATR) v 3287,
1608, 1507, 1239, 1167, 1028, 809, 549 cm™; 'H NMR
(CDCl3) 6 7.26 (d, J = 8.2 Hz, 4H), 6.86 (d, J = 9.0 Hz,
4H), 5.75 (s, 1H), 3.78 (s, 6H), 2.18 (s, 1H); 3C {'H}
NMR (CDCl3) 6 158.9, 136.4, 127.7, 113.8, 75.4, 55.3.

(4-chlorophenyl)(4-methoxyphenyl)methanol (3c)
The title compound was derived from 4-
chlorobenzaldehyde (0.1413 g, 1.01 mmol, 1.0 equiv)
and 4-methoxyphenylmagnesium bromide (0.850 g, 4.02
mmol, 4.0 equiv) in 3.0 mL of anhydrous THF.
Purification by silica gel chromatography using
hexanes/EtOAc (5:1) afforded product 3c (0.203 g, 81%
yield) as an off-white solid. IR (Diamond-ATR) v 3300,
1509, 1247, 1170, 1031, 1004, 802, 551, 516 cm™; H
NMR (CDCl3) & 7.30 (s, 4H), 7.24 (d, J = 8.6 Hz, 2H),
6.86 (d, J =8.6 Hz, 2H), 5.77 (d, J = 3.1 Hz, 1H), 3.79 (s,
3H), 2.20 (d, J = 3.5 Hz, 1H); 13C {*H} NMR (CDCls) &
159.2, 142.4, 135.8, 133.1, 128.5, 127.9, 127.7, 114.0,
75.2,55.3.
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(4-(dimethylamino)phenyl)(4-methoxyphenyl)-
methanol (3d)

The title compound was derived from 4-
(dimethylamino)benzaldehyde (0.174 g, 1.17 mmol, 1.0
equiv) and 4-methoxyphenylmagnesium bromide (0.271
g, 1.28 mmol, 1.1 equiv) in 3.0 mL of anhydrous THF.
Purification by automated flash column chromatography
on silica gel using hexanes/EtOAc (5:1) afforded product
3d (0.174, 58% yield) as an off white solid. IR (Diamond-
ATR) v 3299, 1612, 1510, 1244, 1169, 1031, 804, 550
cm; *H NMR (CDCls) 6 7.29 (d, J = 8.6 Hz, 2H), 7.20
(d, J=8.2 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 6.69 (d, J =
9.0 Hz, 2H), 5.73 (d, J = 3.5 Hz, 1H), 3.78 (s, 3H), 2.92
(s, 6H), 2.07 (d, J = 3.9 Hz, 1H); *C {*H} NMR (CDCl5)
o 158.7, 150.1, 136.6, 132.2, 127.64, 127.56, 113.7,
112.5, 75.5, 55.3, 40.6.

N-(4-(hydroxy(p-tolyl)methyl)phenyl)acetamide (3e)
The title compound was derived from 4-
acetamidobenzaldehyde (0.192 g, 1.18 mmol, 1.0 equiv)
and 4-methylphenylmagnesium bromide (0.459 g, 2.35
mmol, 2.0 equiv) in 3.0 mL of anhydrous THF.
Purification by automated flash column chromatography
on silica gel using hexanes/EtOAc (1:1) afforded product
3e (0.199 g, 66% yield) as a yellow solid. Mp 139—-142
°C; IR (Diamond-ATR) v 3309, 1657, 1601, 1535, 1412,
1318, 1268, 1012, 819, 758, 552, 477 cm™; 'H NMR
(DMSO) 6 9.85 (s, 1H), 7.48 (d, J = 8.6 Hz, 2H), 7.21-
7.25 (m, 4H), 7.09 (d, J = 7.8 Hz, 2H), 5.72 (d, J = 4.3
Hz, 1H), 5.60 (d, J = 3.9 Hz, 1H), 2.25 (s, 3H), 2.01 (s,
1H); BC {*H} NMR (DMSO) & 168.0, 142.8, 140.5,
137.8,135.5,128.5, 126.5, 126.1, 118.7, 73.7, 23.9, 20.6;
HRMS (ESI-TOF) m/z [M+H]+ calcd for CisHisNO;
256.1332, found 256.1329.

tert-butyl (4-(hydroxy(p-tolyl)methyl)phenyl)-
carbamate (3f)
The title compound was derived from 4-(Boc-

amino)benzaldehyde (0.100 g, 0.45 mmol, 1.0
O O equiv) and 4-methoxyphenylmagnesium bromide
N oMe (0.239 g, 1.13 mmol, 2.5 equiv) in 3.0 mL of

H

anhydrous THF. Purification by silica gel
chromatography using hexanes/EtOAc (3:1)
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afforded product 3f (0.111 g, 74% vyield) as a
yellow solid. Mp 106—109 °C; IR (Diamond-
ATR) v 3367, 1696, 1507, 1235, 1157, 1035, 824,
574 cm; 'H NMR (CDCls) & 7.24-7.32 (m, 6H),
6.85 (d, J = 8.6 Hz, 2H), 6.47 (s, 1H), 5.75 (s, 1H),
3.78 (s, 3H), 2.16 (s, 1H), 1.50 (s, 9H); *C {*H}
NMR (CDCl3) 6 159.0, 152.7, 138.7, 137.6,
136.2, 127.8, 127.1, 1185, 113.8, 80.5, 75.4,
55.3, 28.3; HRMS (ESI-TOF) m/z [M+Na]+ calcd
for C1oH23NO4sNa 352.1519, found 352.1520.

4-(hydroxy(4-methoxyphenyl)methyl)benzoic acid
(39)

The title compound was derived from 4-formylbenzoic
acid (0.174 g, 1.16 mmol, 1.0 equiv) and 4-
methoxyphenylmagnesium bromide (0.737 ¢, 3.48
mmol, 3.0 equiv) in 5.0 mL of anhydrous THF.
Purification by silica gel chromatography using
hexanes/EtOAc/AcOH  (1.5:1:0.01% v/v) afforded
product 3g (0.208 g, 69% yield) as a white solid. Mp 158-
160 °C; IR (Diamond-ATR) v 3468, 2920, 1675, 1607,
1508, 1423, 1293, 1228, 1169, 1025, 742, 551 cm™; 'H
NMR (DMSO) & 12.80 (s, 1H), 7.87 (d, J = 8.6 Hz, 2H),
7.47 (d, J = 8.2 Hz, 2H), 7.27 (d, J = 8.6 Hz, 2H), 6.86
(d, J = 8.6 Hz, 2H), 5.92 (s, 1H), 5.71 (s, 1H), 3.71 (s,
3H); C {*H} NMR (DMSO) § 167.2, 158.2, 150.9,
137.2, 129.2, 129.1, 127.5, 126.1, 113.5, 73.4, 55.0;
HRMS (ESI-TOF) m/z [M-H]- calcd for CisH1304
257.0819, found 257.0817.

4-(hydroxy(4-methoxyphenyl)methyl)benzaldehyde
(3h)

The title compound was derived from 4-
(diethoxymethyl) benzaldehyde (0.258 g, 1.24 mmol, 1.0
equiv) and 4-methoxyphenylmagnesium bromide (0.419
g, 1.98 mmol, 1.6 equiv) in 3.0 mL of anhydrous THF.
Purification by silica gel chromatography using
hexanes/EtOAc (3:1) afforded product 3h (66.0 mg, 22%
yield) as a yellow oil. IR (Diamond-ATR) v 3421, 1690,
1605, 1509, 1244, 1169, 1027, 818, 785, 554 cm™; H
NMR (CDCl3) 6 9.98 (s, 1H), 7.84 (d, J = 8.6 Hz, 2H),
7.56 (d, J = 8.2 Hz, 2H), 7.26 (d, J = 8.6 Hz, 2H), 6.87
(d, J = 8.6 Hz, 2H), 5.86 (s, 1H), 3.79 (s, 3H), 2.34 (s,
1H); ¥C {*H} NMR (CDCls) & 191.9, 159.4, 150.6,
135.5, 135.4, 129.9, 128.1, 126.8, 114.2, 75.5, 55.3;
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HRMS (El) m/z [M+] calcd for CisH1403 242.0943,
found 242.0944.

(2-methoxyphenyl)(p-tolyl)methanol (3i)

The title compound was derived from 2-
methoxybenzaldehyde (0.298 g, 2.19 mmol, 1.0 equiv)
and p-tolylmagnesium bromide (0.642 g, 3.29 mmol, 1.5
equiv) in 5.0 mL of anhydrous THF. Purification by
automated flash column chromatography on silica gel
using hexanes/EtOAc (gradient: 49:1 — 12:1) afforded
product 3i (0.396 g, 79% vyield) as a white solid. IR
(Diamond-ATR) v 3298, 1598, 1486, 1280, 1240, 1186,
1029, 806, 749, 556 cm™; *H NMR (CDCl3) § 7.26-7.20
(m, 4H), 7.10 (d, J=7.8 Hz, 2H),6.92 (tofd, J=0.8,7.4
Hz, 1H), 6.85 (d of d, J = 0.8, 8.6 Hz, 1H), 6.00 (s, 1H),
3.76 (s, 3H), 3.05 (s, 1H), 2.31 (s, 3H); 3C {*H} NMR
(CDCl3) 6 156.6, 140.3, 136.6, 132.1, 128.8, 128.5,
127.7,126.4, 120.7, 110.6, 71.9, 55.3, 21.0.
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prop-2-yne-1,1,3-triyltribenzene (4a)

The title compound was derived from diphenylmethanol
(13.3 mg, 0.072 mmol, 1.0 equiv), potassium
trifluoro(phenylethynyl)borate (1a) (15.0 mg, 0.072 mmol,
1.0 equiv), and HBF4-OEt> (18.7 mg, 0.12 mmol, 1.6 equiv)
in 0.3 mL of CHsCN. Purification by automated flash
column chromatography on silica gel using hexanes and
subsequent CH3CN/ hexanes extraction afforded product 4a
(7.8 mg, 41% vyield) as a yellow oil. IR (Diamond-ATR) v
2922, 1595, 1488, 1451, 755, 689, 558 cm™; 'H NMR
(CDCl3) 6 7.43-7.49 (m, 6H), 7.29-7.34 (m, 7H), 7.21-7.25
(m, 2H), 5.21 (s, 1H); C {*H} NMR (CDCls) & 141.7,
131.7, 128.6, 128.2, 128.0, 127.9, 126.9, 123.5, 90.2, 84.9,
43.8.

(3-(p-tolyl)prop-1-yne-1,3-diyl)dibenzene (4b)

The title compound was derived from phenyl(p-
tolyl)methanol (21.1 mg, 0.11 mmol, 1.0 equiv), potassium
trifluoro(phenylethynyl)borate (1a) (22.1 mg, 0.11 mmol,
1.0 equiv), and HBF4-OEt (27.5 mg, 0.17 mmol, 1.6 equiv)
in 0.3 mL of CH3CN. Purification by silica gel column
chromatography using hexanes afforded product 4b (20.2
mg, 67% vyield) as a yellow oil. IR (Diamond-ATR) v 2921,
1654, 1602, 1490, 1448, 1275, 1176, 695 cm™; 'H NMR
(CDCl3) 6 7.42-7.48 (m, 4H), 7.28-7.33 (m, 7H), 7.20-7.24
(m, 1H), 7.13 (d, J = 7.8 Hz, 2H), 5.17 (s, 1H), 2.31 (s, 3H);
13C {*H} NMR (CDCls) 5 141.9, 138.8, 136.5, 131.7, 129.3,
128.6, 128.2, 127.9, 127.83, 127.75, 126.8, 123.6, 90.4,
84.7,43.4,21.0.

(3-(o-tolyl)prop-1-yne-1,3-diyl)dibenzene (4c)

The title compound was derived from phenyl(o-
tolyl)methanol (21.1 mg, 0.11 mmol, 1.0 equiv), potassium
trifluoro(phenylethynyl)borate (1a) (22.1 mg, 0.11 mmol,
1.0 equiv), and HBF4-OEt; (27.5 mg, 0.17 mmol, 1.6 equiv)
in 0.3 mL of CH3CN. Purification by silica gel column
chromatography using hexanes afforded product 4c (15.2
mg, 51% yield) as a yellow oil. IR (Diamond-ATR) v 2923,
1597, 1489, 1449, 1266, 1027, 754, 690 cm™; 'H NMR
(CDClz) 6 7.50 (dd, J = 1.6, 7.03 Hz, 1H), 7.44-7.46 (m,
2H), 7.37-7.39 (m, 2H), 7.27-7.32 (m, 5H), 7.14-7.25 (m,
4H), 5.38 (s, 1H), 2.33 (s, 3H); 3C {*H} NMR (CDCls) &
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140.7, 139.4, 135.9, 131.6, 130.7, 128.8, 128.5, 128.2,
128.0, 127.9, 127.1, 126.7, 126.3, 123.6, 90.2, 84.5, 40.8,
19.7.

(3-(4-methoxyphenyl)prop-1-yne-1,3-diyl)dibenzene
(4d)

The title compound was derived from (4-methoxyphenyl)
(phenyl)methanol (21.5 mg, 0.10 mmol, 1.0 equiv),
potassium trifluoro(phenylethynyl)borate (1a) (20.9 mg,
0.10 mmol, 1.0 equiv), and HBF4-OEt> (26.0 mg, 0.16
mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by silica
gel column chromatography using hexanes/diethyl ether
(40:1) afforded product 4d (26.2 mg, 87% yield) as a yellow
oil. IR (Diamond-ATR) v 2930, 1598, 1507, 1247, 1173,
1029, 755, 691 cm™®; 'H NMR (CDCls3) & 7.41-7.48 (m, 4H),
7.28-7.36 (m, 7H), 7.20-7.24 (m, 1H), 6.85 (d, J = 9.0 Hz,
2H), 5.16 (s, 1H), 3.77 (s, 3H); °C {*H} NMR (CDCls) &
158.5, 142.0, 133.9, 131.7, 128.9, 128.6, 128.2, 127.9,
127.8, 126.8, 123.5, 114.0, 90.5, 84.7, 55.3, 42.9.

4,4°-(3-phenylprop-2-yne-1,1-diyl)bis(methoxybenzene)
(4e)

The title compound was derived from bis(4-
methoxyphenyl)methanol (3b) (22.3 mg, 0.091 mmol, 1.0
equiv), potassium trifluoro(phenylethynyl)borate (1a) (19.0
mg, 0.091 mmol, 1.0 equiv), and HBF4-OEt (23.7 mg, 0.14
mmol, 1.6 equiv) in 0.3 mL of CH3CN. Aqueous workup
afforded product 4e (27.2 mg, 91% yield) as a yellow/orange
oil. IR (Diamond-ATR) v 2930, 1601, 1506, 1244, 1170,
1027, 756, 689 cm™; 'H NMR (CDCls)  7.48-7.51 (m, 2H),
7.36 (d, J = 8.2 Hz, 4H), 7.31-7.33 (m, 3H), 6.88 (d, J = 8.6
Hz, 4H), 5.15 (s, 1H), 3.81 (s, 6H); 1°C {"H} NMR (CDCl5)
o 158.4, 134.3, 131.6, 128.8, 128.2, 127.9, 123.6, 113.9,
90.8, 84.5, 55.3, 42.1.

(3-(4-chlorophenyl)prop-1-yne-1,3-diyl)dibenzene (4f)

The title compound was derived from (4-
chlorophenyl)(phenyl)methanol (21.7 mg, 0.10 mmol, 1.0
equiv), potassium trifluoro(phenylethynyl)- borate (1a)
(20.6 mg, 0.10 mmol, 1.0 equiv), and HBF4-OEt, (25.7 mg,
0.16 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by
automated flash column chromatography on silica gel using
hexanes and subsequent CH3CN/hexanes extraction
afforded product 4f (5.7 mg, 19% yield) as a yellow oil. IR
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(Diamond-ATR) v 2924, 1487, 1089, 1014, 753, 690, 555
cm?; 'H NMR (CDCls) § 7.46-7.48 (m, 2H), 7.35-7.42 (m,
5H), 7.29-7.33 (m, 6H), 7.24-7.27 (m, 1H), 5.18 (s, 1H); 1*C
{*H} NMR (CDCl3) & 141.2, 140.3, 132.7, 131.7, 129.3,
128.7, 128.3, 128.1, 127.8, 127.1, 123.2, 89.6, 85.2, 43.2.

1-chloro-4-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-
yl)benzene (49)

The title compound was derived from (4-chlorophenyl)(4-
methoxyphenyl)methanol (3c) (22.4 mg, 0.090 mmol, 1.0
equiv), potassium trifluoro(phenylethynyl)borate (1a) (18.7
mg, 0.090 mmol, 1.0 equiv), and HBF4-OEt, (23.4 mg, 0.14
mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by silica
gel column chromatography using hexanes/EtOAc (10:1)
afforded product 4g (25.3 mg, 84% yield) as a yellow oil. IR
(Diamond-ATR) v 2928, 1599, 1508, 1487, 1248, 1172,
1089, 1014, 755, 690, 555 cm™; 'H NMR (CDCls) § 7.45-
7.47 (m, 2H), 7.27-7.36 (m, 9H), 6.86 (d, J = 8.6 Hz, 2H),
5.13 (s, 1H), 3.78 (s, 3H); 3C {*H} NMR (CDCl3) & 158.6,
140.6, 133.4, 132.6, 131.7, 129.2, 128.8, 128.7, 128.2,
128.1, 123.3,114.1, 89.9, 85.0, 55.3, 42.3.

4-(1,3-diphenylprop-2-yn-1-yl)phenol (4h)

The title compound was derived from 4-
(hydroxy(phenyl)methyl)phenol (3a) (21.1 mg, 0.11 mmol,
1.0 equiv), potassium trifluoro(phenylethynyl)borate (1a)
(21.9 mg, 0.11 mmol, 1.0 equiv), and HBF4-OEt; (27.3 mg,
0.17 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification was
conducted by automated flash column chromatography on
silica gel using hexanes/EtOAc (5:1) and subsequent
CH3CN/hexanes extraction afforded product 4h (19.9 mg,
66% vyield) as a burgundy/brown oil. IR (Diamond-ATR) v
3317, 3025, 1596, 1509, 1489, 1441, 1169, 754, 690, 552
cm™; 'H NMR (CDCI3) 7.41-7.48 (m, 4H), 7.28-7.33 (m,
7H), 7.22-7.24 (m, 1H), 6.77-6.79 (m, 2H), 5.14 (s, 1H); *°C
{*H} NMR (CDCl3) & 154.4, 142.0, 134.1, 131.7, 129.1,
128.6, 128.2, 127.9, 127.8, 126.8, 123.5, 115.4, 90.4, 84.7,
42.9.
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N-(4-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)phenyl)-
acetamide (4i)

The title compound was derived from N-(4-hydroxy(p-
tolyl)methyl)phenyl)acetamide (3e) (22.6 mg, 0.088 mmol,
1.0 equiv), potassium trifluoro(phenylethynyl)borate (1a)
(18.4 mg, 0.088 mmol, 1.0 equiv), and HBF4-OEt> (22.9 mg,
0.141 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification
was conducted by silica gel column chromatography using
hexanes/EtOAc (1:2) and subsequent CH3CN/hexanes
extraction afforded product 4i (18.3 mg, 61% vyield) as a
yellow oil. IR (Diamond-ATR) v 3301, 2922, 1662, 1599,
1508, 1407, 1314, 754, 689 cm™; 'H NMR (CDCl3) 7.45-
7.49 (m, 4H), 7.38-7.40 (m, 3H), 7.30-7.33 (m, 4H), 7.14 (d,
J=7.8Hz, 2H), 5.15 (s, 1H), 2.34 (s, 3H), 2.15 (s, 3H); °C
{*H} NMR (CDCI3) § 168.3, 138.7, 137.9, 136.6, 136.5,
131.6, 129.3,128.4, 128.2, 127.9, 127.7, 123.5, 120.1, 90.3,
84.7,42.8,24.5, 21.0; HRMS (ESI-TOF) m/z [M+H]+ calcd
for C24H22NO 340.1696, found 340.1693.

4-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)-
benzoic acid (4j)

The title compound was derived from 4-(hydroxy(4-
methoxyphenyl)methyl)benzoic acid (3g) (13.8 mg, 0.053
mmol, 1.0 equiv), potassium trifluoro(phenylethynyl)-
borate (1a) (11.1 mg, 0.053 mmol, 1.0 equiv), and
HBF4-OEt, (11.2 mg, 0.069 mmol, 1.3 equiv) in 0.3 mL of
CH3CN. Purification was conducted by silica gel column
chromatography using hexanes/ EtOAc/AcOH (2:1:0.01%
v/v) and subsequent CH3CN/hexanes extraction afforded
product 4j (11.3 mg, 62% vyield) as a yellow oil. IR
(Diamond-ATR) v 2919, 1691, 1607, 1508, 1297, 1246,
1173, 758, 740, 691, 554 cm™; 'H NMR (acetone-ds) 8.02
(d, J =8.2 Hz, 2H), 7.63 (d, J = 8.2 Hz, 2H), 7.50 7.53 (m,
2H), 7.44 (d, J = 8.6 Hz, 2H), 7.37-7.38 (m, 3H), 6.92 (d,
J=8.6 Hz, 2H), 5.41 (s, 1H), 3.77 (s, 3H); °C {"H} NMR
(acetone-ds) 6 159.9, 148.3, 134.5, 132.5, 131.0, 129.8,
129.4, 129.2, 128.7, 124.3, 115.0, 91.0, 85.8, 55.6, 43.3
(the carbonyl carbon and one aromatic carbon were not
resolved in this spectrum); HRMS (ESI-TOF) m/z [M-H]-
calcd for C23H1703 341.1183, found 341.1186.

65



1-(3-(4-methoxyphenyl)-3-phenylprop-1-yn-1-yl)-2-
(trifluoromethyl)benzene (5a)

The title compound was derived from (4-methoxyphenyl)
(phenyl)methanol (17.6 mg, 0.082 mmol, 1.0 equiv),
potassium trifluoro((2-(trifluoromethyl)phenyl)ethynyl)-
borate (1h) (22.6 mg, 0.082 mmol, 1.0 equiv), and
HBF4-OEt, (21.2 mg, 0.13 mmol, 1.6 equiv) in 0.3 mL of
CH3CN. Purification by silica gel column chromatography
using hexanes/EtOAc (15:1) afforded product 5a (26.8 mg,
89% vyield) as a yellow/orange oil. IR (Diamond-ATR) v
2929, 1601, 1508, 1314, 1249, 1167, 1127, 1031, 764, 697
cm™; IH NMR (CDCls) § 7.64 (d, J = 7.4 Hz, 1H), 7.58 (d,
J=7.4Hz, 1H), 7.42-7.47 (m, 3H), 7.30—7.38 (m, 5H), 7.21-
7.24 (m, 1H), 6.85 (d, J = 8.6 Hz, 2H), 5.20 (s, 1H), 3.77 (s,
3H); °C {*H} NMR (CDCls) § 158.5, 141.6, 134.1, 133.5,
131.6, 131.3, 128.9, 128.6, 127.8, 127.6, 126.9, 125.7 (q, J
= 5.4 Hz), 123.6 (g, J = 273.7 Hz), 121.8, 114.0, 96.4, 80.7,
55.2, 43.2; %F NMR (CDCl3) § —62.17 (s, 3F); HRMS (EI)
m/z [M+] calcd for C23H17F30 366.1232, found 366.1231.

1-(3-(4-methoxyphenyl)-3-phenylprop-1-yn-1-yl)-3,5-
bis(trifluoromethyl)benzene (5b)

The title compound was derived from (4-methoxyphenyl)
(phenyl)methanol (14.8 mg, 0.069 mmol, 1.0 equiv),
potassium trifluoro((3,5-bis(trifluoromethyl)phenyl)-
ethynyl)borate (1i) (23.8 mg, 0.069 mmol, 1.0 equiv), and
HBF4-OEt, (17.9 mg, 0.11 mmol, 1.6 equiv) in 0.3 mL of
CH3CN. Purification by silica gel column chromatography
using hexanes/EtOAc (14:1) afforded product 5b (25.6 mg,
85% vyield) as a yellow/orange oil. IR (Diamond-ATR) v
2928, 1600, 1509, 1381, 1275, 1171, 1129, 697, 681 cm™;
'H NMR (CDCl3) § 7.88 (s, 2H), 7.78 (s, 1H), 7.25-7.41 (m,
7H), 6.88 (d, J = 9.0, 2H), 5.20 (s, 1H), 3.79 (s, 3H); °C
{*H} NMR (CDCls) 5 158.8, 141.1,132.9, 131.8 (q, J = 33.7
Hz),131.6 (g, J=4.6 Hz), 128.9, 128.8, 127.8, 127.2, 125.8,
123.0 (g, J = 273.0 Hz), 121.3 (g, J = 3.8 Hz), 114.2, 94.5,
81.8, 55.3, 42.9; 9F NMR (CDCls) & -63.13 (s, 6F); HRMS
(El) m/z [M+] caled for CasHisFeO 434.1105, found
434.1100.
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1-chloro-3-(3-(4-methoxyphenyl)-3-phenylprop-1-yn-1-
yl)benzene (5¢)

The title compound was derived from (4-methoxyphenyl)
(phenyl)methanol (19.3 mg, 0.090 mmol, 1.0 equiv),
potassium trifluoro((3-chlorophenyl)ethynyl)borate  (1f)
(21.9 mg, 0.090 mmol, 1.0 equiv), and HBF4-OEt> (23.4 mg,
0.14 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by
silica gel column chromatography using hexanes/EtOAC
(14:1) afforded product 5c¢ (29.7 mg, 99% vyield) as a
yellow/orange oil. IR (Diamond-ATR) v 2930, 1592, 1507,
1247, 1173, 1030, 780, 696, 680 cm™; 'H NMR (CDCl3) &
7.45-7.46 (m, 1H), 7.39-7.41 (m, 2H), 7.30-7.35 (m, 5H),
7.19-7.28 (m, 3H), 6.86 (d, J = 9.0 Hz, 2H), 5.16 (s, 1H),
3.77 (s, 3H); 13C {*H} NMR (CDCl3) § 158.6, 141.7, 134.0,
133.5, 131.6, 129.8, 129.4, 128.9, 128.6, 128.2, 127.8,
126.9, 125.2, 114.0, 91.9, 83.3, 55.3, 42.9; HRMS (EI) m/z
[M+] calcd for C22H17CIO 332.0968, found 332.0962.

1,2-dichloro-4-(3-(4-chlorophenyl)-3-(4-
methoxyphenyl)prop-1-yn-1-yl)benzene (5d)

The title compound was derived from (4-chlorophenyl)(4-
methoxyphenyl)methanol (3c) (18.6 mg, 0.075 mmol, 1.0
equiv), potassium trifluoro((3,4-dichlorophenyl)ethynyl)-
borate (1e) (20.7 mg, 0.075 mmol, 1.0 equiv), and
HBF4-OEt; (19.3 mg, 0.12 mmol, 1.6 equiv) in 0.3 mL of
CH3CN. Purification by silica gel column chromatography
using hexanes/EtOAc (20:1) afforded product 5d (25.0 mg,
83% vyield) as a yellow oil. IR (Diamond-ATR) v 2926,
1508, 1487, 1461, 1173, 1089, 1031, 817 cm™*; 'H NMR
(CDCl3) 6 7.54 (d, J = 2.0 Hz, 1H), 7.35-7.37 (m, 1H),
7.25-7.33 (m, 7H), 6.87 (d, J = 9.0 Hz, 2H), 5.12 (s, 1H),
3.79 (s, 3H); **C {*H} NMR (CDCl3) § 158.8, 140.0, 133.3,
132.9, 132.8, 132.48, 132.45, 130.8, 130.3, 129.1, 128.80,
128.79,123.2,114.2,92.1, 82.8, 55.3, 42.3; HRMS (EI) m/z
[M+] calcd for C22H15Cl30 400.0188, found 400.0186.

67



HO‘ ‘

4-(3-(3-fluorophenyl)-1-(4-methoxyphenyl)prop-2-yn-
1-yhbenzaldehyde (5e)

The title compound was derived from 4-(hydroxy(4-
methoxyphenyl)methyl)benzaldehyde (3h) (21.1 mg,
0.087 mmol, 1.0 equiv), potassium trifluoro((3-
fluorophenyl)-ethynyl)borate (1g) (19.7 mg, 0.087 mmol,
1.0 equiv), and HBF4-OEt> (22.6 mg, 0.14 mmol, 1.6
equiv) in 0.3 mL of CH3CN. Purification by silica gel
column chromatography using hexanes/EtOAc (6:1)
afforded product 5e (24.6 mg, 82% yield) as a yellow oil.
IR (Diamond-ATR) v 2926, 1697, 1603, 1578, 1508, 1246,
1148, 1032, 783, 681 cm™; TH NMR (CDCls) § 9.99 (s,
1H), 7.84 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 8.2 Hz, 2H), 7.32
(d, J =8.6 Hz, 2H), 7.25-7.28 (m, 2H), 7.15-7.18 (m, 1H),
7.00-7.05 (m, 1H), 6.88 (d, J = 9.0 Hz, 2H), 5.23 (s, 1H),
3.79 (s, 3H); 3C {*H} NMR (CDCls3) § 191.7, 162.3 (d, J
= 246.14 Hz), 158.9, 148.5, 135.2, 132.4, 130.1, 129.8 (d,
J = 6.2 Hz), 128.9, 128.4, 1275 (d, J = 3.1 Hz), 124.9,
118.5 (d, J =23.0 Hz), 115.6 (d, J = 21.5 Hz), 114.3, 90.3,
84.3, 55.3, 43.0; F NMR (CDCls) & -112.97 (s, 1F);
HRMS (El) m/z [M+] calcd for CaHi7FO2 344.1213,
found 344.1217.

4-(3-([1,1'-biphenyl]-4-yI)-1-phenylprop-2-yn-1-yl)-
phenol (5f)

The title compound was derived from 4-
(hydroxy(phenyl)methyl)phenol (3a) (16.7 mg, 0.083
mmol, 1.0 equiv), potassium trifluoro([1,1’-biphenyl]-4-
ylethynyl)borate (1k) (23.6 mg, 0.083 mmol, 1.0 equiv), and
HBF4-OEt, (21.6 mg, 0.13 mmol, 1.6 equiv) in 0.3 mL of
CH3CN. Purification by automated flash column
chromatography on silica gel using hexanes/EtOAc (5:1)
afforded product 5f (21.3 mg, 71% yield) as an orange/pink
oil. IR (Diamond-ATR) v 3331, 2922, 1597, 1508, 1485,
1447, 1170, 840, 761, 692, 560 cm™; 'H NMR (CDCls) &
7.57-7.59 (m, 2H), 7.53 (s, 4H), 7.41-7.45 (m, 4H), 7.29-
7.36 (m, 5H), 7.21-7.25 (m, 1H), 6.78 (d, J = 8.6 Hz, 2H),
5.17 (s, 1H), 4.84 (s, 1H); 3C {*H} NMR (CDCls) § 154.4,
142.0, 140.7, 140.4, 134.1, 132.1, 129.1, 128.8, 128.6,
127.8, 127.5, 127.0, 126.9, 126.8, 122.4, 115.4, 91.1, 84.6,
43.0; HRMS (EI) m/z [M+] calcd for C27H200 360.1514,
found 360.1509.
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1-(3-(4-methoxyphenyl)-3-phenylprop-1-yn-1-yl)-
naphthalene (59)

The title compound was derived from (4-methoxyphenyl)
(phenyl)methanol (18.5 mg, 0.086 mmol, 1.0 equiv),
potassium trifluoro(naphthalen-1-ylethynyl)borate  (1j)
(22.2 mg, 0.086 mmol, 1.0 equiv), and HBF4-OEt> (22.3 mg,
0.14 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by
automated flash column chromatography on silica gel using
hexanes/EtOAc (20:1) afforded product 5g (21.0 mg, 70%
yield) as a yellow oil. IR (Diamond-ATR) v 2926, 1603,
1507, 1246, 1174, 1030, 797, 772, 696, 564 cm™; 'H NMR
(CDCls) 6 8.33 (d, J = 7.42, Hz, 1H), 7.78-7.84 (m, 2H),
7.70 (d, J = 7.4 Hz, 1H), 7.47-7.54 (m, 4H), 7.33-7.44 (m,
5H), 7.23-7.27 (m, 1H), 6.88 (d, J = 8.6 Hz, 2H), 5.33 (s,
1H), 3.78 (s, 3H); 3C {*H} NMR (CDCls) & 158.6, 142.1,
134.0, 133.5, 133.2, 130.4, 129.0, 128.7, 128.4, 128.2,
127.9, 126.9, 126.7, 126.3, 125.2, 121.2, 114.1, 95.5, 82.9,
55.3, 43.3 (one aromatic carbon was not resolved in this
spectrum); HRMS (El) m/z [M+] calcd for CasH200
348.1514, found 348.1508.

4-(1-(4-methoxyphenyl)-3-(naphthalen-1-yl)prop-2-yn-
1-yl)-benzoic acid (5h)

The title compound was derived from 4-(hydroxy(4-
methoxyphenyl)methyl)benzoic acid (3g) (19.7 mg, 0.076
mmol, 1.0 equiv), potassium trifluoro(naphthalen-1-
ylethynyl)borate (1j) (19.7 mg, 0.076 mmol, 1.0 equiv),
and HBF4-OEt; (19.8 mg, 0.12 mmol, 1.6 equiv) in 0.3 mL
of CHsCN. Purification by silica gel column
chromatography using hexanes/EtOAc/AcOH
(1.5:1:0.01% v/v) afforded product 5h (19.8 mg, 66%
yield) as a yellow oil. IR (Diamond-ATR) v 2922, 1689,
1606, 1507, 1245, 1174, 1032, 771 cm™; 'H NMR
(acetone-ds) 6 8.33-8.36 (m, 1H), 8.06 (d, J = 8.2 Hz, 2H),
7.93-7.97 (m, 2H), 7.72-7.78 (m, 3H), 7.49-7.62 (m, 5H),
6.96 (d, J = 8.6 Hz, 2H), 5.61 (s, 1H), 3.79 (s, 3H); **C
{*H} NMR (acetone-ds) & 159.9, 148.3, 134.5, 134.4,
134.3, 131.4, 131.1, 129.9, 129.6, 129.4, 128.8, 127.9,
127.5, 126.8, 126.4, 121.8, 115.1, 96.2, 83.8, 55.6, 43.7
(the carbonyl carbon and one aromatic carbon were not
resolved in this spectrum); HRMS (EI) m/z [M+] for
Ca7H2003 392.1412, found 392.1417.
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4-(3-(3-chlorophenyl)-1-(4-methoxyphenyl)prop-2-yn-1-
yl)-N,Ndimethylaniline (5i)

The title compound was derived from (4-
(dimethylamino)phenyl)(4-methoxyphenyl)methanol  (3d)
(20.5 mg, 0.080 mmol, 1.0 equiv), potassium trifluoro((3-
chlorophenyl)ethynyl)borate (1f) (19.4 mg, 0.080 mmol, 1.0
equiv), and HBF4-OEt, (33.6 mg, 0.21 mmol, 2.6 equiv) in
0.3 mL of CHsCN. Purification by automated flash column
chromatography on silica gel using hexanes/EtOAc (3:1)
afforded product 5i (18.4 mg, 61% yield) as a brown oil. IR
(Diamond-ATR) v 2926, 1607, 1507, 1246, 1172, 1033,
782, 680, 555 cm™; *H NMR (CDCls) & 7.44—7.45 (m, 1H),
7.31-7.33 (m, 3H), 7.18-7.26 (m, 4H), 6.85 (d, J = 8.6 Hz,
2h), 6.69 (d, J=9.0 Hz, 2H), 5.08 (s, 1H), 3.78 (s, 3H), 2.91
(s, 6H); C {*H} NMR (CDCls) § 158.4, 149.6, 134.3,
134.0, 1315, 129.8, 129.6, 129.4, 128.8, 128.4, 128.0,
1255, 113.9, 112.7, 92.7, 82.8, 55.3, 41.9, 40.6; HRMS
(ESI-TOF) m/z [M+H]+ calcd for C22H23CINO 376.1463,
found 376.1458.

4-(1-(4-methoxyphenyl)-3-phenylprop-2-yn-1-yl)aniline
(5))

The title compound was derived from tert-butyl (4-
(hydroxy(p-tolyl)methyl)phenyl)carbamate (3f) (20.5 mg,
0.062 mmol, 1.0 -equiv), potassium trifluoro((3,4-
dichlorophenyl)ethynyl)borate (1e) (17.3 mg, 0.062 mmol,
1.0 equiv), and HBF4-OEt> (26.2 mg, 0.16 mmol, 2.6 equiv)
in 0.3 mL of CH3CN. Purification was conducted by silica
gel column chromatography using hexanes/EtOAc (1.3:1)
followed by a pentane wash and subsequent
CH3CN/hexanes extraction to afford product 5j (15.3 mg,
51% yield) as a burgundy oil. IR (Diamond-ATR) v 3372,
2928, 1607, 1506, 1461, 1244, 1173, 1127, 1030, 817, 729,
569 cm; 'H NMR (CDCls) § 7.53 (m, 1H), 7.34—7.36 (m,
1H), 7.24-7.30 (m, 3H), 7.15 (d, J = 8.2 Hz, 2H), 6.85 (d, J
= 8.6 Hz, 2H), 6.64 (d, J = 8.2 Hz, 2H), 5.05 (s, 1H), 3.78
(s, 3H); BC {*H} NMR (CDCls) § 158.5, 145.3, 133.9,
133.3, 132.3, 132.1, 131.5, 130.8, 130.2, 128.7, 128.6,
123.7, 115.3, 114.0, 93.3, 82.0, 55.3, 42.0; HRMS (ESI-
TOF) m/z [M+H]+ calcd for C22H18CI2NO 382.0760, found
382.0758.
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1-methoxy-4-(1-phenylhept-2-yn-1-yl)benzene (5k)

The title compound was derived from (4-
methoxyphenyl)(phenyl)methanol (23.1 mg, 0.11 mmol, 1.0
equiv), potassium trifluoro(hex-1-yn-1-yl)borate (1d) (20.3
mg, 0.11 mmol, 1.0 equiv), and HBF4-OEt> (27.9 mg, 0.17
mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by silica
gel column chromatography using hexanes/EtOAc (15:1)
afforded product 5k (21.9 mg, 73% vyield) as a yellow oil. IR
(Diamond-ATR) v 2929, 1653, 1598, 1508, 1248, 1172,
1029, 698 cm™; *H NMR (CDCls) § 7.34-7.36 (m, 2H), 7.26-
7.30 (m, 4H), 7.17-7.21 (m, 1H), 6.82 (d, J = 9.0 Hz, 2H),
4.92 (s, 1H), 3.76 (s, 3H), 2.28 (td, J = 2.4, 7.0 Hz, 2H),
1.51-1.56 (m, 2H), 1.41-1.46 (m, 2H), 0.92 (t, J = 7.0 Hz,
3H); 13C {*H} NMR (CDCls) § 158.3, 142.8, 134.7, 128.8,
128.4,127.7,126.5,113.8, 84.9, 80.8, 55.2,42.4, 31.1, 22.0,
18.6, 13.6.

(E)-(3-(4-methoxyphenyl)prop-1-ene-1,3-diyl)dibenzene
(6a)

The title compound was derived from (4-
methoxyphenyl)(phenyl)methanol (21.4 mg, 0.100 mmol,
1.0 equiv), potassium trifluoro(E)-2-phenylethenylborate
(21.0 mg, 0.100 mmol, 1.0 equiv), and HBF4-OEt, (25.9 mg,
0.16 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by
silica gel column chromatography using hexanes/EtOAc
(15:1) afforded product 6a (29.0 mg, 97% vyield) as a pale
yellow oil. IR (Diamond-ATR) v 2927, 1607, 1508, 1244,
1175, 1031, 966, 829, 744, 693, 549 cm™®; *H NMR (CDCls)
6 7.35-7.37 (m, 2H), 7.19-7.32 (m, 8H), 7.14 (d, J = 8.6 Hz,
2H), 6.85 (d, J = 9.0 Hz, 2H), 6.65 (dd, J = 7.4, 15.6 Hz,
1H), 6.32 (d, J = 15.6 Hz, 1H), 4.84 (d, J = 7.4 Hz, 1H), 3.77
(s, 3H); *C {*H} NMR (CDCls) & 158.1, 143.8, 137.3,
135.6, 132.9, 131.1, 129.6, 128.6, 128.5, 128.4, 127.2,
126.34, 126.26, 113.8, 55.2, 53.3.

(E)-4,4'- (3-(3-fluorophenyl)prop-2-ene-1,1-diyl)bis-
(methoxybenzene) (6b)

The title compound was derived from bis(4-
methoxyphenyl)methanol (3b) (21.0 mg, 0.086 mmol, 1.0
equiv), potassium trifluoro(2-(3-fluorophenyl)vinyl)borate
(19.6 mg, 0.086 mmol, 1.0 equiv), and HBF4-OEt, (22.3 mg,
0.14 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification by
silica gel column chromatography using hexanes/EtOAc
(9:1) afforded product 6b (29.1 mg, 97% yield) as a pink oil.
IR (Diamond-ATR) v 2929, 1608, 1581, 1506, 1242, 1173,
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1033, 964, 825, 553 cm™; 'H NMR (CDCI3) & 7.20-7.25
(m, 1H), 7.05—7.13 (m, 6H), 6.84—6.91 (m, 5H), 6.61-6.66
(m, 1H), 6.26 (d, J = 15.6 Hz, 1H), 4.79 (d, J = 7.4 Hz, 1H),
3.78 (s, 6H); 13C {*H} NMR (CDCl3) 6 163.1 (d, J = 245.4
Hz), 158.2, 139.7 (d, J = 7.7 Hz), 135.6, 134.7, 129.9 (d, J
=3.1Hz),129.8 (d, J=2.3Hz),129.5,122.1 (d, J = 2.3 Hz),
113.94 (d, J=21.5Hz), 113.87,112.7 (d, J = 22.2 Hz), 55.2,
52.4; F NMR (CDCI3) § —113.70 (q, J = 9.3 Hz, 1F);
HRMS (El) m/z [M+] calcd for C23H2:FO2 348.1526, found
348.1523.

(E)-N-(4-(3-phenyl-1-(p-tolyl)allyl)phenyl)acetamide
(6c)

The title compound was derived from N-(4-hydroxy(p-
tolyl)methyl)phenyl)acetamide (3e) (22.4 mg, 0.088 mmol,
1.0 equiv), potassium trifluoro(E)-2-phenylethenylborate
(18.5 mg, 0.088 mmol, 1.0 equiv), and HBF4-OEt> (22.8 mg,
0.14 mmol, 1.6 equiv) in 0.3 mL of CH3CN. Purification was
conducted by silica gel column chromatography using
hexanes/EtOAc (1:2) and subsequent CHsCN/hexanes
extraction afforded product 6¢ (23.2 mg, 77% vyield) as a
pale white/yellow oil. IR (Diamond-ATR) v 3294, 2922,
1662, 1599, 1509, 1407, 1369, 1315, 1262, 966, 816, 741,
691, 522 cm?; 'TH NMR (CDCI3) § 7.41-7.43 (m, 2H),
7.34-7.37 (m, 2H), 7.15-7.29 (m, 5H), 7.10 (s, 4H), 6.61
(dd, J=7.4, 16.0 Hz, 1H), 6.31 (d, J = 15.6 Hz, 1H), 4.81
(d,J=7.4Hz, 1H), 2.32 (s, 3H), 2.13 (s, 3H); *C {"H} NMR
(CDCI13) & 168.3, 140.4, 139.7, 137.2, 136.2, 136.0, 132.6,
131.2,129.2,129.1, 128.5, 128.4, 127.2, 126.3, 120.0, 53.2,
24,5, 21.0; HRMS (ESI-TOF) m/z [M+H]+ calcd for
C24H24NO 342.1852, found 342.1849.

(E)-4-(3-(3-fluorophenyl)-1-(4-methoxyphenyl)allyl)-
N,N-dimethylaniline (6d)

The title compound was derived from (4-
(dimethylamino)phenyl)(4-methoxyphenyl)methanol  (3d)
(21.4 mg, 0.083 mmol, 1.0 equiv), potassium trifluoro(2-(3-
fluorophenyl)vinyl) borate (18.9 mg, 0.083 mmol, 1.0
equiv), and HBF4-OEt; (34.9 mg, 0.2 mmol, 2.6 equiv) in
0.3 mL of CHsCN. Purification by silica gel column
chromatography using hexanes/EtOAc (6:1) afforded
product 6d (25.1 mg, 84% vyield) as a pale white/yellow oil.
IR (Diamond-ATR) v 2926, 1609, 1507, 1244, 1174, 1140,
1034, 813, 774,552 cm™; *H NMR (CDCl3) § 7.19-7.25 (m,
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1H), 7.04—7.15 (m, 6H), 6.83—6.90 (m, 3H), 6.62—6.71 (m,
3H), 6.27 (d, J=16.0 Hz, 1H), 4.75(d, J = 7.4 Hz, 1H), 3.78
(s, 3H), 2.91 (s, 6H); *C {*H} NMR (CDCl3) § 163.1 (d, J
= 244.6 Hz), 158.1, 149.3, 140.0 (d, J = 7.7 Hz), 136.0,
135.1, 131.4, 129.9, 129.8, 129.5, 129.1, 122.1 (d, J = 3.1
Hz), 113.79, 113.78 (d, J = 21.5 Hz), 112.74, 112.65 (d, J =
22.2 Hz), 55.2, 52.3, 40.7; *F NMR (CDCls) & —113.82 (q,
J = 9.3 Hz, 1F); HRMS (ESI-TOF) m/z [M+H]+ calcd for
C24H2sFNO 362.1915, found 362.1912.

(E)-4-(3-(3-fluorophenyl)-1-(4-methoxyphenyl)allyl)-
benzoic acid (6e)

The title compound was derived from 4-(hydroxy(4-
methoxyphenyl)methyl)benzoic acid (3g) (21.4 mg, 0.083
mmol, 1.0 equiv), potassium trifluoro(2-(3-
fluorophenyl)vinyl) borate (18.9 mg, 0.083 mmol, 1.0
equiv), and HBF4-OEt, (17.4 mg, 0.12 mmol, 1.3 equiv) in
0.3 mL of CH3CN. Purification was conducted by silica gel
column chromatography using hexanes/EtOAc/AcOH
(2:1:0.01% v/iv) and subsequent CH3CN/hexanes
extraction afforded product 6e (23.0 mg, 77% yield) as a
pale yellow oil. IR (Diamond-ATR) v 2922, 1685, 1607,
1508, 1245, 1176, 1033, 963, 778, 683, 548 cm™’; 'H NMR
(acetone-ds) 6 8.01 (d, J =8.2 Hz, 2H), 7.44 (d, J = 8.2 Hz,
2H), 7.22—7.37 (m, 5H), 6.89-7.01 (m, 4H), 6.49 (d, J =
16.0 Hz, 1H), 5.01 (d, J = 8.2 Hz, 1H), 3.77 (s, 3H); *C
{*H} NMR (acetone-de) & 164.1 (d, J = 243.1 Hz), 159.5,
150.4, 141.0 (d, J = 7.7 Hz), 136.0, 134.9, 131.3, 131.2,
131.1 (d, J = 3.1 Hz), 130.8, 130.4, 129.4, 123.52, 123.50,
114.8 (d, J = 20.7 Hz), 113.4 (d, J = 22.2 Hz), 55.6, 54.2;
1%F NMR (acetone-ds) 5 -115.09 (g, J = 9.3 Hz, 1F); HRMS
(ESI-TOF) m/z [M+H]+ calcd for Ca3H20FO3 363.1391,
found 363.1388.

1-methoxy-2-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)-
benzene (7)

The title compound was derived from (2-methoxyphenyl)(p-
tolyl)methanol (3i) (65.8 mg, 0.288 mmol, 1.0 equiv),
potassium trifluoro(phenylethynyl)borate (1a) (60.0 mg,
0.288 mmol, 1.0 equiv), and HBF4-OEt, (74.6 mg, 0.461
mmol, 1.6 equiv) in 1.0 mL of CHsCN. Purification by
automated flash column chromatography on silica gel using
hexanes/diethyl ether (99:1) afforded product 7 (60.1 mg,
67% vyield) as a yellow oil. IR (Diamond-ATR) v 1597,
1488, 1460, 1243, 1103, 1026, 803, 749, 690, 560, 524 cm"
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114 NMR (CDCl3) § 7.60-7.62 (m, 1H), 7.44-7.47 (m,
2H), 7.35 (d, J = 8.2 Hz, 2H), 7.25-7.29 (m, 3H), 7.19-7.23
(m, 1H), 7.09 (d, J = 7.8 Hz, 2H), 6.95 (t of d, J = 1.1, 7.4
Hz, 1H), 6.84—6.86 (m, 1H), 5.65 (s, 1H), 3.82 (s, 3H), 2.29
(s, 3H); BC {*H} NMR (CDCls) § 156.1, 138.8, 136.0,
131.7, 130.5, 129.0, 128.9, 128.13, 128.05, 127.71, 127.68,
123.8, 120.9, 110.7, 91.2, 83.3, 55.5, 36.2, 21.0; HRMS
(DART-TOF+) m/z [M+H] calcd for C23H210 313.1592,
found 313.1600.

2-(3-phenyl-1-(p-tolyl)prop-2-yn-1-yl)phenol (8)

The title compound was derived from 1-methoxy-2-(3-
phenyl-1-(p-tolyl)prop-2-yn-1-yl)benzene (7) (60.1 mg,
0.192 mmol, 1.0 equiv) and boron tribromide solution [1.0
M in methylene chloride] (0.145 g, 0.577 mmol, 3.0 equiv)
in 2.0 mL of anhydrous DCM. Purification by automated
flash column chromatography on silica gel using
hexanes/EtOAc (gradient: 24:1 — 9:1) and subsequent
CHsCN/hexanes extraction afforded product 8 (42.0 mg,
73% vyield) as a yellow oil. IR (Diamond-ATR) v 3527,
1595, 1488, 1454, 1185, 1087, 822, 749, 689 cm™*; IH NMR
(CDCl3) 6 7.48-7.52 (m, 2H), 7.41-7.44 (m, 1H), 7.39 (d, J
= 8.2 Hz, 2H), 7.31-7.35 (m, 3H), 7.19-7.22 (m, 1H), 7.17
(m, 2H), 6.96 (tof d, J = 1.2, 7.4 Hz, 1H), 6.85 (d of d, J =
1.2, 8.2 Hz, 1H), 5.50 (s, 1H), 5.44 (s, 1H), 2.35 (s, 3H); 13C
{*H} NMR (CDCls) & 153.3, 137.2, 136.7, 131.7, 129.5,
129.4, 128.5, 128.23, 128.19, 127.6, 127.5, 123.0, 121.0,
116.6, 89.1, 85.3, 38.2, 21.0; HRMS (DART-TOF+) m/z
[M+H] calcd for C22H190 299.1436, found 299.1437.
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2-benzyl-3-(p-tolyl)benzofuran (9)

The title compound was derived from 2-(3-phenyl-1-(p-
tolyl)prop-2-yn-1-yl)phenol (8) (42.0 mg, 0.141 mmol, 1.0
equiv) and t-BuOK (31.6 mg, 0.282 mmol, 2.0 equiv) in 1.13
mL of anhydrous dioxane. Purification by automated flash
column chromatography on silica gel using hexanes/diethyl
ether (gradient: 99:1 — 49:1) and subsequent
CHsCN/hexanes extraction afforded product 9 (19.7 mg,
47% yield) as a yellow solid. Mp 65—68 °C; IR (Diamond-
ATR) v 1512, 1492, 1453, 1159, 977, 820, 740, 719, 694,
492, 454 cm™; 'H NMR (CDCls) & 7.57-7.59 (m, 1H),
7.40—7.45 (m, 3H), 7.20-7.31 (m, 9H), 4.20 (s, 2H), 2.42 (s,
3H); BC {*H} NMR (CDCls) & 154.3, 152.3, 138.0, 137.0,
129.5, 129.4, 128.9, 128.8, 128.6, 128.5, 126.5, 123.9,
122.6, 119.8, 118.1, 111.1, 32.9, 21.3; HRMS (DART-
TOF+) m/z [M+H] calcd for CHi190 299.1436, found
299.1440.
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2-(phenylethynyl)tetrahydro-2H-pyran (10a)

The title compound was derived from
2-methoxytetrahydropyran (18.7 mg, 0.161 mmol, 1.0
equiv.), potassium trifluoro(phenylethynyl)borate (1a) (50.3
mg, 0.242 mmol, 1.5 equiv.) and HBF4OEt (32.9 uL, 0.242
mmol, 1.5 equiv.) in 1.61 mL of CH3CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (49:1) and subsequent
CH3sCN/hexanes extraction afforded product 10a (24.6 mg,
82% vyield) as a yellow oil. *H NMR (CDClz) & 7.44-7.46 (m,
2H), 7.28-7.31 (m, 3H), 4.49-4.52 (m, 1H), 4.02-4.07 (m,
1H), 3.56-3.62 (m, 1H), 1.89-1.94 (m, 2H), 1.75-1.82 (m,
1H), 1.55-1.65 (m, 3H) ; *°C {*H} NMR (CDCl3)  131.7,
128.23, 128.16, 122.7, 88.1, 85.15, 67.41, 66.59, 32.15,
25.64, 21.79.

(E)-2-styryltetrahydro-2H-pyran (10b)

The title compound was derived from
2-methoxytetrahydropyran (11.6 mg, 0.100 mmol, 1.0
equiv.), potassium trifluoro(E)-2-phenylethenylborate (31.5
mg, 0.150 mmol, 1.5 equiv.) and HBF4-OEt, (20.4 uL, 0.150
mmol, 1.5 equiv.) in 1.0 mL of CH:CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 99:1 —
49:1) and subsequent CH3CN/hexanes extraction afforded
product 10b (6.7 mg, 36% vyield) as a yellow oil. *H NMR
(CDCls3) 8 7.37-7.39 (m, 2H), 7.19-7.32 (m, 3H), 6.57-6.61
(m, 1H), 6.18-6.24 (m, 1H), 4.06-4.09 (m, 1H), 3.95-4.00
(m, 1H), 3.51-3.58 (m, 1H), 1.88-1.91 (m, 1H), 1.72-1.76
(m, 1H), 1.43-1.65 (m, 4H); **C {*H} NMR (CDCl3) § 137.0,
130.8, 129.7, 128.5, 127.4, 126.4, 78.0, 68.4, 32.2, 25.9,
23.4.

2-(hex-1-tn-1-yl)tetrahydro-2H-pyran (10c)

The title compound was derived from
2-methoxytetrahydropyran (31.4 mg, 0.271 mmol, 1.0
equiv.), potassium trifluoro(hex-1-yn-1-yl)borate (1d) (76.3
mg, 0.406 mmol, 1.5 equiv.) and HBF4-OEt; (55.2 uL, 0.406
mmol, 1.5 equiv.) in 2.71 mL of CH3CN (C = 0.1 M).
Aqueous work-up afforded product 10c (37.8 mg, 84% yield)
as a yellow oil. 'H NMR (CDCls) § 4.21-4.24 (m, 1H), 3.95-
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3.99 (m, 1H), 3.47-3.52 (m, 1H), 2.20-2.24 (m, 2H), 1.80-
1.85 (m, 2H), 1.38-1.57 (m, 8H), 0.90 (t, J = 7.0 Hz, 3H); 13C
{*H} NMR (CDCl3) § 85.7, 79.1, 67.3, 66.6, 32.5, 30.7, 25.7,
21.94, 21.90, 18.4, 13.5.

2-((3-fluorophenyl)ethynyl)tetrahydro-2H-pyran (10d)
The title compound was derived from
2-methoxytetrahydropyran (17.1 mg, 0.147 mmol, 1.0
equiv.), potassium trifluoro((3-fluorophenyl)ethynyl)borate
(19) (49.8 mg, 0.220 mmol, 1.5 equiv.) and HBF4-OEt, (30.0
ulL, 0.220 mmol, 1.5 equiv.) in 1.5 mL of CH3CN (C = 0.1
M). Purification by automated flash column chromatography
on silica gel using hexanes/ethyl acetate (49:1) and
subsequent CH3sCN/hexanes extraction afforded product 10d
(14.3 mg, 48% yield) as a yellow oil. *H NMR (CDCls) §
7.21-7.29 (m, 2H), 7.12-7.16 (m, 1H), 6.99-7.04 (m, 1H),
4.48-451 (m, 1H), 4.01-4.06 (m, 1H), 3.56-3.62 (m, 1H),
1.87-1.96 (m, 2H), 1.73-1.82 (m, 1H), 1.55-1.66 (m, 3H); *C
{*H} NMR (CDCls) § 162.3 (d, J = 246.1 Hz), 129.8 (d, J =
9.2 Hz), 127.6 (d, J = 3.1 Hz), 124.6 (d, J = 9.2 Hz), 1185
(d,J=23.0Hz), 115.6 (d,J=21.5Hz), 89.1, 83.9, 67.3, 66.7,
32.1, 25.6, 21.8. °F NMR (CDCls3) § —113.12 (m, 1F);

2-((4-methoxyphenyl)ethynyl)tetrahydro-2H-pyran
(10e)

The title compound was derived from
2-methoxytetrahydropyran (16.1 mg, 0.139 mmol, 1.0
equiv.), potassium trifluoro((4-methoxyphenyl)ethynyl)-
borate (1b) (49.5 mg, 0.208 mmol, 1.5 equiv.) and
HBF4-OEt; (28.3 pL, 0.208 mmol, 1.5 equiv.) in 1.39 mL
of CH3CN (C = 0.1 M). Purification by automated flash
column chromatography on silica gel using hexanes/ethyl
acetate (gradient: 99:1 — 97:3) and subsequent
CH3CN/hexanes extraction afforded product 10e (10.2 mg,
34% vyield) as a yellow oil. *H NMR (CDCls) & 7.37-7.40
(m, 2H), 6.81-6.83 (m, 2H), 4.47-4.49 (m, 1H), 4.02-4.07
(m, 1H), 3.80 (s, 3H), 3.55-3.60 (m, 1H), 1.90 (m, 2H),
1.74-1.81 (m, 1H), 1.55-1.63 (m, 3H); *C {*H} NMR
(CDCls) 6 133.2,114.9, 113.8, 86.7, 85.0, 67.6, 66.7, 55.2,
32.3,25.7,21.9.
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2-(phenylethynyl)tetrahydrofuran (11a)

The title compound was derived from
2-ethoxytetrahydrofuran (20.2 mg, 0.174 mmol, 1.0 equiv.),
potassium trifluoro(phenylethynyl)borate (1a) (54.4 mg,
0.261 mmol, 1.5 equiv.) and HBF4OEt, (35.6 uL, 0.261
mmol, 1.5 equiv.) in 1.74 mL of CH3CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 50:1 - 17:1)
and subsequent CH3CN/hexanes extraction afforded product
11a (27.5 mg, 92% yield) as a yellow oil. 'H NMR (CDCls)
5 7.42-7.44 (m, 2H), 7.28-7.30 (m, 3H), 4.79-4.83 (m, 1H),
3.98-4.04 (m, 1H), 3.83-3.88 (m, 1H), 2.20-2.26 (m, 1H),
2.04-2.12 (m, 2H), 1.90-1.98 (m, 1H); ®*C {*H} NMR
(CDCls) 6 131.7, 128.19, 128.16, 122.78, 89.0, 84.4, 68.6,
67.9, 33.4, 25.5; IR (Diamond-ATR) v 2979, 2950, 2870,
1489, 1333, 1047, 914, 754, 689 cm™.

2-(naphthalene-1-ylethynyl)tetrahydrofuran (11b)

The title compound was derived from
2-ethoxytetrahydrofuran (15.7 mg, 0.135 mmol, 1.0 equiv.),
potassium trifluoro(naphthalene-1-ylethynyl)borate (1j)
(52.2 mg, 0.202 mmol, 1.5 equiv.) and HBF4OEt> (27.5 uL,
0.202 mmol, 1.5 equiv.) in 1.35 mL of CH3CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (99:1) and subsequent
CHsCN/hexanes extraction afforded product 11b (29.7 mg,
99% vyield) as a yellow oil. *H NMR (CDCls) 6 8.30 (d, J =
8.2 Hz, 1H), 7.81 (t, J = 9.0 Hz, 2H), 7.66 (d, J = 7.0 Hz,
1H), 7.48-7.57 (m, 2H), 7.40 (t, J, = 7.4 Hz, 1H), 4.95-4.98
(m, 1H), 4.05-4.11 (m, 1H), 3.89-3.94 (m, 1H), 2.25-2.35
(m, 1H), 2.11-2.23 (m, 2H), 1.93-2.04 (m, 1H); *C {*H}
NMR (CDClz) 6 133.3, 133.1, 130.5, 128.7, 128.2, 126.7,
126.3,126.1,125.1,120.4,94.1, 82.5, 68.8, 67.9, 33.6, 25.5;
IR (Diamond-ATR) v 2978, 2948, 2868, 1394, 1331, 1045,
912, 798, 770, 567 cm™,

2-((4-butylphenyl)ethynyl)tetrahydrofuran (11c)

The title compound was derived from
2-ethoxytetrahydrofuran (15.3 mg, 0.131 mmol, 1.0 equiv.),
potassium  ((4-butylphenyl)ethynyltrifluoroborate  (1c)
(52.1 mg, 0.197 mmol, 1.5 equiv.) and HBF4-OEt; (26.8 pL,
0.197 mmol, 1.5 equiv.) in 1.31 mL of CH3CN (C = 0.1 M).
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Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 99:1 >
16:1) afforded product 11c (28.0 mg, 93% yield) as a yellow
oil. *tH NMR (CDCls) § 7.32-7.35 (m, 2H), 7.09-7.11 (m,
2H), 4.79-4.82 (m, 1H), 3.98-4.03 (m, 1H), 3.82-3.87 (m,
1H), 2.58 (t, J = 7.8 Hz, 2H), 2.18-2.27 (m, 1H), 2.02-2.14
(m, 2H), 1.88-1.98 (m, 1H), 1.53-1.61 (m, 2H), 1.28-1.38
(m, 2H), 0.91 (t, J = 7.4 Hz, 3H); *C {*H} NMR (CDCls) 5
143.3,131.6, 128.3, 119.9, 88.3, 84.6, 68.6, 67.8, 35.5, 33.4,
33.3, 25.5, 22.3, 13.9; IR (Diamond-ATR) v 2955, 2928,
2858, 1508, 1458, 1333, 1049, 914, 831, 561 cm™.

2-((4-methoxyphenyl)ethynytetrahydrofuran (11d)
The title compound was derived from
2-ethoxytetrahydrofuran (17.2 mg, 0.148 mmol, 1.0
equiv.), potassium trifluoro((4-methoxyphenyl)ethynyl)-
borate (1b) (53.0 mg, 0.223 mmol, 1.5 equiv.) and
HBF4-OEt> (30.3 pL, 0.223 mmol, 1.5 equiv.) in 1.48 mL
of CH3CN (C = 0.1 M). Purification by automated flash
column chromatography on silica gel using hexanes/ethyl
acetate (gradient: 99:1 - 12:1) afforded product 11d (23.3
mg, 78% yield) as a yellow oil. *H NMR (CDCls) § 7.35-
7.38 (m, 2H), 6.80-6.83 (m, 2H), 4.78-4.81 (m, 1H), 3.98-
4.03 (m, 1H), 3.82-3.87 (m, 1H), 3.79 (s, 3H), 2.18-2.25
(m, 1H), 2.02-2.14 (m, 2H), 1.89-1.98 (m, 1H); *C {*H}
NMR (CDCls) 6 159.5, 133.1, 114.9, 113.8, 87.6, 84.3,
68.7, 67.8, 55.2, 33.4, 25.5; IR (Diamond-ATR) v 2952,
2870, 2837, 1605, 1507, 1288, 1244, 1171, 1046, 1028, 830
cm™.

2-((3,4-dichlorophenyl)ethynyl)tetrahydrofuran (11e)

The title compound was derived from
2-ethoxytetrahydrofuran (14.5 mg, 0.124 mmol, 1.0 equiv.),
potassium trifluoro((3,4-dichlorophenyl)ethynyl)borate
(1e) (51.7 mg, 0.187 mmol, 1.5 equiv.) and HBF4-OEt; (25.4
ul, 0.187 mmol, 1.5 equiv.) in 1.24 mL of CH3CN (C =0.1
M).  Purification by automated flash  column
chromatography on silica gel using hexanes/ethyl acetate
(99:1) and subsequent CH3CN/hexanes extraction afforded
product 11e (19.3 mg, 64% yield) as a yellow oil. *H NMR
(CDClz) 6 7.51-7.52 (m, 1H), 7.35-7.37 (m, 1H), 7.23-7.26
(m, 1H), 4.77-4.80 (m, 1H), 3.96-4.02 (m, 1H), 3.83-3.88
(m, 1H), 2.19-2.28 (m, 1H), 2.02-2.14 (m, 2H), 1.90-1.99
(m, 1H); BC {*H} NMR (CDCl3) & 133.3, 132.7, 132.4,
130.8, 130.3, 122.8, 91.2, 82.2, 68.4, 68.1, 33.3, 25.5; IR
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(Diamond-ATR) v 2979, 2951, 2870, 1462, 1130, 1048,
1029, 878, 818, 682 cm™,

2-((3-fluorophenyl)ethynyl)tetrahydrofuran (11f)

The title compound was derived from
2-ethoxytetrahydrofuran (18.3 mg, 0.158 mmol, 1.0 equiv.),
potassium trifluoro((3-fluorophenyl)ethynyl)borate  (19)
(53.5 mg, 0.237 mmol, 1.5 equiv.) and HBF4-OEt; (32.2 uL,
0.237 mmol, 1.5 equiv.) in 1.58 mL of CH3CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (50:1) and subsequent
CHsCN/hexanes extraction afforded product 11f (18.4 mg,
61% yield) as a yellow oil. tH NMR (CDCls3) § 7.19-7.28 (m,
2H), 7.11-7.14 (m, 1H), 6.98-7.03 (m, 1H), 4.79-4.82 (m,
1H), 3.98-4.03 (m, 1H), 3.84-3.89 (m, 1H), 2.20-2.29 (m,
1H), 2.03-2.13 (m, 2H), 1.90-1.99 (m, 1H); *C {*H} NMR
(CDCl3) 6 162.3 (d, J = 246.1 Hz), 129.8 (d, J = 9.2 Hz),
127.5(d,J=3.8Hz),124.6 (d,J =9.2 Hz), 118.5(d, J=22.2
Hz), 115.6 (d, J = 21.5 Hz), 90.1, 83.2 (d, J = 3.8 Hz), 68.5,
68.0, 33.3, 25.5; 1°F NMR (CDCls) § -113.14 (g, J = 5.9 Hz,
1F); IR (Diamond-ATR) v 2980, 2952, 2872, 1579, 1485,
1173, 1149, 1048, 869, 782, 681 cm™.

2-((2-(trifluoromethyl)phenyl)ethynyl)tetrahydrofuran
(119)

The title compound was derived from
2-ethoxytetrahydrofuran (14.5 mg, 0.123 mmol, 1.0 equiv.),
potassium trifluoro((2-(trifluoromethyl)phenyl)ethynyl)-
borate (1h) (51.7 mg, 0.187 mmol, 1.5 equiv.) and HBF4 OEt;
(25.5 uL, 0.187 mmol, 1.5 equiv.) in 1.25 mL of CH3CN (C =
0.1 M). Purification by automated flash column
chromatography on silica gel using hexanes/ethyl acetate
(gradient: 99:1 - 16:1) and subsequent CHsCN/hexanes
extraction afforded product 11g (24.7 mg, 82% vyield) as a
yellow oil. *H NMR (CDCls) § 7.62-7.64 (m, 1H), 7.56-7.58
(m, 1H), 7.45-7.48 (m, 1H), 7.37-7.40 (m, 1H), 4.85-4.87 (m,
1H), 3.98-4.04 (m, 1H), 3.85-3.91 (m, 1H), 2.18-2.26 (m, 1H),
2.06-2.17 (m, 2H), 1.90-1.99 (m, 1H); C {*H} NMR
(CDCl3) 6=133.9,131.8,131.3, 128.0, 125.7 (q, J = 5.4 Hz),
123.5(q,J=273.8 Hz), 121.1 (9, J = 2.3 Hz), 95.0, 80.3, 68.5,
67.9, 33.1, 25.1; F NMR (CDCls) & -62.48 (s, 3F); IR
(Diamond-ATR) v 2981, 2874, 1315, 1166, 1128, 1109, 1049,
1032, 764 cm™,
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2-(hex-1-yn-1-yl)tetrahydrofuran (11h)

The title compound was derived from
2-ethoxytetrahydrofuran (22.9 mg, 0.197 mmol, 1.0 equiv.),
potassium trifluoro(hex-1-yn-1-yl)borate (1d) (55.6 mg,
0.296 mmol, 1.5 equiv.) and HBF4OEt, (40.2 uL, 0.296
mmol, 1.5 equiv.) in 1.97 mL of CH3CN (C = 0.1 M).
Aqueous workup afforded product 11h (19.3 mg, 64% yield)
as a yellow oil. A pure sample was obtained after the work-
up. Attempts to run the crude product through a pad of silica
gel resulted in the decomposition of 11h. *H NMR (CDCls)
8 4.53-4.57 (m, 1H), 3.91-3.97 (m, 1H), 3.75-3.80 (m, 1H),
2.20 (td, J = 2.0, 7.0 Hz, 2H), 2.08-2.16 (m, 1H), 1.97-2.07
(m, 1H), 1.82-1.95 (m, 2H), 1.44-1.52 (m, 2H), 1.35-1.42 (m,
2H), 0.90 (t, J = 7.4 Hz, 3H); 13*C {*"H} NMR (CDCl3) § 85.2,
79.9, 68.4, 67.6, 33.5, 30.7, 25.4, 21.9, 18.4, 13.6; IR
(Diamond-ATR) v 2956, 2931, 2871, 1458, 1355, 1332,
1051, 907 cm™,

(E)-2-styryltetrahydrofuran (12a)

The title compound was derived from
2-ethoxytetrahydrofuran (20.0 mg, 0.172 mmol, 1.0 equiv.),
potassium trans-styryltrifluoroborate (54.2 mg, 0.258 mmol,
1.5 equiv.) and HBF4-OEt> (35.1 pL, 0.258 mmol, 1.5 equiv.)
in 1.72 mL of CH3CN (C = 0.1 M). Purification by automated
flash column chromatography on silica gel using
hexanes/ethyl acetate (gradient: 99:1 -> 19:1) and
subsequent CH3CN/hexanes extraction afforded product 12a
(22.3 mg, 74% vyield) as a yellow oil. *H NMR (CDCls) §
7.37-7.39 (m, 2H), 7.28-7.32 (m, 2H), 7.20-7.25 (m, 1H),
6.58 (d, J = 16.0 Hz, 1H), 6.20 (dd, J = 6.3, 15.6 Hz, 1H),
4.44-4.50 (m, 1H), 3.94-4.00 (m, 1H), 3.81-3.86 (m, 1H),
2.08-2.16 (m, 1H), 1.88-2.04 (m, 2H), 1.67-1.75 (m, 1H); **C
{*H} NMR (CDCls) & 136.8, 130.5, 130.4, 128.5, 127.4,
126.4, 79.6, 68.1, 32.4, 25.9; IR (Diamond-ATR) v 2971,
2867, 1493, 1448, 1049, 963, 745, 691 cm™,

(E)-2-(3-fluorostyryltetrahydrofuran (12b)

The title compound was derived from
2-ethoxytetrahydrofuran (18.1 mg, 0.156 mmol, 1.0 equiv.),
potassium 2-(3-fluorophenyl)vinyltrifluoroborate (53.4 mg,
0.234 mmol, 1.5 equiv.) and HBF4OEt> (31.9 uL, 0.234
mmol, 1.5 equiv.) in 1.56 mL of CH:CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 99:1 - 19:1)
and subsequent CH3zCN/hexanes extraction afforded product
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12b (23.4 mg, 78% vyield) as a yellow oil. 'H NMR (CDCls)
§7.23-7.28 (m, 1H), 7.06-7.14 (m, 2H), 6.89-6.94 (m, 1H),
6.55 (d, J = 15.6 Hz, 1H), 6.22 (dd, J = 6.3, 16.0 Hz, 1H),
4.45-4.50 (m, 1H), 3.94-4.00 (m, 1H), 3.82-3.87 (m, 1H),
2.09-2.17 (m, 1H), 1.89-2.04 (m, 2H), 1.65-1.75 (m, 1H);
13C {'H} NMR (CDCls) 5 163.0 (d, J = 245.4 Hz), 139.2 (d,
J=17.7Hz),132.0, 1299 (d, J=8.4 Hz), 129.1 (d, J = 3.1
Hz), 122.3 (d, J = 3.1 H2), 114.2 (d, J = 21.5 Hz), 112.8 (d,
J =215 Hz), 79.3, 68.2, 32.3, 25.9; °F NMR (CDCls) &
-113.71 (g, J = 6.3 Hz, 1F); IR (Diamond-ATR) v 2972,
2869, 1582, 1487, 1445, 1264, 1142, 1050, 962, 870, 776,
682 cm™,

(E)-2-(4-(trifluoromethyl)styryl)tetrahydrofuran (12c)

The title compound was derived from  2-
ethoxytetrahydrofuran (14.4 mg, 0.124 mmol, 1.0 equiv.),
potassium (E)-trifluoro(4-(trifluoromethyl)-styryl)borate
(51.7 mg, 0.186 mmol, 1.5 equiv.) and HBF4-OEt, (25.3 uL,
0.186 mmol, 1.5 equiv.) in 1.24 mL of CH3sCN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 99:1 — 16:1)
and subsequent CHzCN/hexanes extraction afforded product
12¢ (23.5 mg, 78% yield) as a yellow oil. 'H-NMR (CDCls)
8 7.55(d, J =8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 6.62 (d,
J =16.0 Hz, 1H), 6.31 (dd, J = 6.6, 16.0 Hz, 1H), 4.50 (q, J
= 6.6 Hz, 1H), 3.96-4.01 (m, 1H), 3.83-3.89 (m, 1H), 2.11-
2.19 (m, 1H), 1.92-2.04 (m, 2H), 1.68-1.77 (m, 1H); ©°C
{*H} NMR (CDCl3) & 140.3 (q, J = 1.5 Hz), 133.3, 129.4,
129.1, 128.8, 126.5, 125.4 (q, J = 3.8 Hz), 79.2, 68.3, 32.3,
25.9; %F NMR (CDCls3) § —62.50 (s, 1F); IR (Diamond-ATR)
v 2977, 2869, 1612, 1322, 1162, 1103, 1066, 1047, 860, 813
cm ™,

(E)-2-(4-methylstyryl)tetrahydrofuran (12d)

The title compound was derived from
2-ethoxytetrahydrofuran (18.5 mg, 0.159 mmol, 1.0 equiv.),
potassium (E)-trifluoro(4-methylstyryl)borate (2) (53.6 mg,
0.239 mmol, 1.5 equiv.) and HBF4OEt> (32.5 uL, 0.239
mmol, 1.5 equiv.) in 1.59 mL of CH3CN (C = 0.1 M).
Purification by automated flash column chromatography on
silica gel using hexanes/ethyl acetate (gradient: 99:1 - 16:1)
afforded product 12d (16.1 mg, 54% vyield) as a yellow oil.
'H NMR (CDCls) & 7.26-7.28 (m, 2H), 7.10-7.11 (m, 2H),
6.55 (d, J = 16.0 Hz, 1H), 6.15 (dd, J = 6.6, 15.6 Hz, 1H),
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4.45 (g, J = 6.7 Hz, 1H), 3.94-3.99 (m, 1H), 3.80-3.86 (m,
1H), 2.32 (s, 3H), 2.07-2.15 (m, 1H), 1.88-2.01 (m, 2H),
1.66-1.75 (m, 1H); 3C {*H} NMR (CDCls) 5 137.3, 134.1,
130.4, 129.4, 129.2, 126.3, 79.77, 68.1, 32.4, 25.9, 21.2; IR
(Diamond-ATR) v 2970, 2922, 2864, 1513, 1050, 964, 795,
513 cm™.

(E)-2-(2-([1,1’-biphenyl]-4-yl)vinyl)tetrahydrofuran
(12e)

The title compound was derived from 2-
ethoxytetrahydrofuran (13.9 mg, 0.120 mmol, 1.0 equiv.),
potassium (E)-(2-([ 1,1'-biphenyl]-4-yl)vinyl)trifluoro-
borate (51.4 mg, 0.180 mmol, 1.5 equiv.), and HBF4OEt>
(24.5 uL, 0.180 mmol, 1.5 equiv.) in 1.20 mL of CH3CN (C
= 0.1 M). Purification by automated flash column
chromatography on silica gel using hexanes/ethyl acetate
(gradient: 99:1 — 13:1) and subsequent CH3CN/hexanes
extraction afforded product 12e (21.6 mg, 72% vyield) as a
white solid. *H-NMR (CDCls) & 7.53-7.60 (m, 4H), 7.40-7.46
(m, 4H), 7.31-7.35 (m, 1H), 6.62 (d, J = 15.6 Hz, 1H), 6.25
(dd, J = 6.6, 15.6 Hz, 1H), 4.49 (g, J = 6.6 Hz, 1H), 3.95-4.01
(m, 1H), 3.82-3.86 (M, 1H), 2.10-2.18 (m, 1H), 1.89-2.02 (m,
2H), 1.68-1.77 (m, 1H); *C {*H} NMR (CDCls) & 140.7,
140.2, 135.9, 130.6, 129.9, 128.7, 127.2, 127.1, 126.9, 126.8,
79.7,68.2,32.4,25.9; IR (Diamond-ATR) v 2928, 2852, 1486,
1048, 971, 854, 758, 687, 489 cm™!; HRMS (DART-TOF+)
m/z [M + H] calcd for C1gH190 251.1436, found 251.1437.

2-(1H-inden-2-yl)tetrahydrofuran (12f)

The title compound was derived from 2-
ethoxytetrahydrofuran (18.7 mg, 0.161 mmol, 1.0 equiv.),
potassium trifluoro(1H-inden-2-yl)borate (53.6 mg, 0.242
mmol, 1.5 equiv.) and HBF4-OEt>(32.9 uL, 0.242 mmol, 1.5
equiv.) in 1.61 mL of CH3CN (C = 0.1 M). Purification by
automated flash column chromatography on silica gel using
hexanes/ethyl acetate (gradient: 99:1 — 13:1) and
subsequent CH3sCN/hexanes extraction afforded product 12f
(23.6 mg, 79% vyield) as a yellow oil. *H-NMR (CDCls) &
7.40-7.42 (m, 1H), 7.30-7.32 (m, 1H), 7.21-7.25 (m, 1H),
7.11-7.15 (m, 1H), 6.71 (s, 1H), 4.82 (t, J = 7.0 Hz, 1H), 3.97—
4.02 (m, 1H), 3.84-3.90 (m, 1H), 3.39 (s, 2H), 2.15-2.23 (m,
1H), 1.95-2.03 (m, 2H), 1.81-1.89 (m, 1H); *C {*H} NMR
(CDCl3) 6 150.4, 144.7, 143.2, 126.6, 126.3, 124.2, 123.6,
120.6,77.7,68.2,38.1, 32.1, 26.0; IR (Diamond-ATR) v 2971,
2868, 1459, 1390, 1050, 916, 850, 751, 716, 555 cm ™.
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APPENDIX Il: NMR SPECTRA

POTASSIUM TRIFLUOROBORATE SALTS .

5
I
ol &
- -
.
&
~
&
-
8 L]
~
o &
-1 ™
| 5w
IR
1a . o . 2
I (]
(DMSO-dg, 400 MHz) B ot
— &
L 4.00 131
o4
o I E—
7.30 7.25
P
4.001.31
H H
B B I B o B e S T B B B e L B B e B B A B o B R A EARREERE RS
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)
&
& 8
= —
o
__ n®a
=—BF;K 5l
Ll
2
5 @
1a g 7 B e
| e = |o N ]
(DMSO-dg, 100 MHz) 3 i
1 T = E
" e =] B

224 216 208 200 182 184 178 168 160 152 144 138 128 120 112 104 96 a8 80 72 64 56 42 40 32 24 16 8 0
Chemical Shift (ppm})

84



373

MeO —BF,K

1b

(DMSO'de, 400 MHZ) ~g 89 §
'twh ua“ 2@

L B B L L L L O L L B L L L L L L L B B N R R R R AR R EEEEEERR R RN R
I I I c L I3 I I I I I

Chemical Shift (ppm)

bl

113.83

~39.72
3030

MeO — BF.K 2 i
1b ) & §
(DMSO-dg, 100 MHz) B <2
1
. s —————— 1 - ianen o~ it ———

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 T2 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

85



333

Bu —BF;K

o
@«
o

1c
(DMSO-dg, 400 MHz)

—717

~7g570
5

720

-
A
r

C o

&)

5]

=]
R

95 8.0 35 a0 75 7.0 85 8.0 55 5.0 45 40 35 3.0 25 20 15 1.0

Chemical Shift (ppm)

@

3972
3030

21.70

Bu — BF;K

3993
3010
— 3457
320
1375

1c
(DMSO-dg, 100 MHz)

—130.82

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32 24
Chemical Shift (ppm)

86



332

1.33
0.85

=——BF;K

1d
(DMSO-dg, 400 MHz)

] 8 3.00

2.

—

I I o e LI o e e e e e e e R R e e s e R S S N RS S A ABRAaRaa ey
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 5.0 45 4.0 35 3.0 25 .0 15 1.0 0.5 0
Chemical Shift (ppm}

P

——BF;K . .
a2z o 7
1d = 3
(DMSO-dg, 100 MHz) i
H |

T T T T T T T T T T [ T I T T T T T T T T T T T T T T T O T O T T
I

208 200 182 184 176 168 160 152 144 136 128 120
Chemical Shift (ppm)

87



sl
in
P
3
Ll 3
in
- %
_ o
of ——BF;K
f8ng
B Pl ﬁ

Cl
1e

(DMSO-dg, 400 MHz)

[re]

200 1.07
=

L o L e e e e e e e L o o o o s e L e o e L B o o o e R iamsamas sy o]
I 5 g I

0.0 9.5 5.0 8.5 8.0 75

Chemical Shift (ppm) . . . . . -
5
a
5
o
«
T =
a
2 ol®
= B ]
5 5 o s
g & g
— = o
cl =—BF;K g g
- B
3 -
ol o =y B
1 Ity i3
e !
=
(DMSO-dg, 100 MHz) 3 j .
o~
T o
T T

216 208 200 192 184 176 168 160 152 144 136 128 120 1z 104 96 ] a0 72 64 56 48 40 32

Chemical Shift (ppm)

88



7.30

Cl

1f
(DMSO-dg, 400 MHz)

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm})

13014

13014

126.90
3972
39.30

Cl

126.90
—~130.30

132.84

— BF;K

~130.30
128.70
~39.93
agng

13284

1f
(DMSO'd6,1OO MHZ) L BARARARARE LA LAY DALLRARS) WAL T

T T
133 132 13 130 129 128 127

4013
38.89

218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72
Chemical Shift (ppm)

89



3.34

T

——BF;K

19
(DMSO-dg, 400 MHz)

10.0 95 9.0 a8s 2.0 75 7.0 6.5 6.0 55 5.0 45 40 35 30 25 20 15 1.0 05 0
Chemical Shift (ppm)

o o
= @
o K
g gf Fople
ag = @ | @
[ %! oo
o 58 L,
o KR
a8 i
T P i . ehsai
Hupi g o iy LT
— o T T T T T T T T T
—_— BF3K i 130 128 % 13 2 20 e 116 [N
= o=
Ta @ |2
2 & o ]
F 3 2 = w8 = LR
- o] m = e
19 Us =T
i ™
(DMSO-dg, 100 MHz) B ' B
2 V'H =
O L L s L L L L L L L L L B L L L L L L L L L L L L B L L L N LR L R s o
224 216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 96 28 80 72 54 56 43 40 32 24 16 8 0

Chemical Shift (ppm}

90



332

— BF;K

CF;

1h
(DMSO-dg, 400 MHz)

7T 7.6 7.5 7.4

—2.50

R L o e e e e e e L B e B e B e e R e
85 2.0 75 7.0 65 8.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 .0 0s

Chemical Shift (ppm}

@
@

12685
3972
3930

— BF;K

- gla
CF ER83 B 212
3 A g o
1h R R S
w )
(DMSO-dg, 100 MHz) 88 2o S B
v% Qm'oooo w T T T T T T T T T T T T T T T =+ @
Q = E,\j‘ |J g [ =1 8 2 130 129 128 127 126 125 124 123 122
N hE ‘AERRQ
| le="

T T T T T T T T e T T e T T T T e e T e e T
218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32
Chemical Shift (ppm)

91



3.33

T
F3C .
——BF3K 8
|
FsC
1i Q
(DMSO-dg, 400 MHz) N
3.00 § T 2
8.0 [ J I
- [ .

=

=]
I B o e e B e e e o L O e e o e e R R e e ]

10.0 9.5 8.0 85 2.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)

=
L)
FsC

— BF;K 1 B

F3C Ngg
1i 2Ys g NE
ek o v-%_g 132 130 128 128 124 122 120 Y B
(DMSO-dg, 100 MHz) | 5 ¥zl ] |

PoTe

B r—'—J

224 216 208 200 182 184 176 168 160 152 144 136 128 120 112 104
Chemical Shift (ppm})

92



g 7 -
=—BF;K J -
1] i
(DMSO-dg, 400 MHz)
l._ . . . - i i |

.
112

H 4d 4 d
L L i o e B e B T L i o oy B B s e L B i e e e e e e e

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 35 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)

a2 ]
o -
" 2
3 B
& g = 8lg
T & @ |7
@ - O’J%
iq8 ! N
S G o
&y 2
2 &l T
g
=——BF;K 1k
]
5 il g
-8 8 U M
1j 28 4l 2 ot 1
(DMSO-dg, 100 MHz) : e Aiaanass s A = b

224 218 208 200 192 184 176 168 160 152 144 138 128 120 12 104 96 28 20 72 64 56 43 40 32
Chemical Shift (ppm)

93



758
—737

——BF;K

1k o
(DMSO-dg, 400 MHZz) o

T L B o e L o L e e R R R E R
7.5 7.0 6.5 5.0 5.5 5.0 45 5 5 5 5

Chemical Shift (ppm)

10.0

38 T
28
n
2
elg
3|z
© -
] &
——BF4K . T 2
i T = 1=
& el
7 b
1k
(DMSO-dg, 100 MHz)

224 216 208 200 182 184 176 1868 160

144 136 128 120 12 104 95 83 80 T2 54 56 43 40 32 24 16 8
Chemical Shift (ppm)

94




7
3
334

7.60

FsC 2|2
2a
(DMSO-dg, 400 MHz)

—E.53

. il

1.001.058

H 4

o B e o o T L B B o B e e e R L S
9.5 5.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3. Z5 Z 15 | 0s

Chemical Shift (ppm)

B 3
g
[ ™
k]
M
w
- BFaK :
FaC zle
2a 28 = E E
SEDR P N
(DMSO-dg, 100 MHZz) &l s T
w0 L T
o 28 o o LWWWWWWWL‘ = E
o — e ™ L L L L L L B R L LA LR R LA LR LR RLELY WAL RRLAD LIRS LR R B
3 on g 132 131 130 12 128 127 126 125 128 123
= s
L

T T T T T T T e T T T
218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72
Chemical Shift (ppm)

95



720
—7.18
—7.06
“ernd

G.40
613
612

6.08
6.07

BF3K 3
A 3 E

= 203 193 0.92 0.97 o
2b gl\l\-g |I=I I=I\ T |l=| T T
[ "‘g 7.0 6.5 6.0
(DMSO-dg, 400 MHz) Rk -
+ 3 :ggg [}

J’__
R

’
203183 0. 0. 3.00
4 4
I e B o e e e o I e o e B L L L B o o o e L o i B e I o N R s o e L LR e e
10.0 9.5 8.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 Z5 2.0 15 1.0 0.5 0

Chemical Shift (ppm})

128.80

3972
3030

~BFaK

12525
~39.93
3000
2067

2b
(DMSO-dg, 100 MHz)

4013
38,89

—137.59
—134 67
~—132.80

Tz 64 56

40 32 24 16

224 216 208 200 182 184 176 168 160

144 136 128 120 112 104
Chemical Shift (ppm)

152

96



3.34

Ii ~BFsK

@ e
z e PR
3
| Theae
| (el
e S
1.00 1.03
2 [ wn
C R e

(DMSO-dg, 400 MHz)

10.0 9.5 9. 8.5 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm)

i
&
A
]
o
P
&
BF 3K E o3
X e 282
sET
@ .,
= =+
[ =
- o2 < 8 & gle
= c @ o zl=
o =+ = L] [N L]
2 Spgd T | T -
C Hgdg\] |
o -
(DMSO-dg, 100 MHz) e |t AN LIS
2% - o 140 138 136 134 132 130 128 12 S fo
gd | o 2
=% 2
b |

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 Tz 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

97



334

[l

316

BF,K

2d
(DMSO-dg, 400 MHz)

- L
é.Ju

L B L B o o o o o o e e e e AN EE RS EE s e EE s
I3 I

Z5 2 1.5 1.0 0.5

75

Chemical Shift (ppm)

@
)

3972
3030

BF;K

—123.14
39.09

Teq22.21
S-119.04

2d
(DMSO-dg, 100 MHz)

—125.41

T T T T T T
145 140 135 130 125 120

129.77
38.89

—147.49
T—145.70

224 218 208 200 182 184 178 168 160 152 144 138 128 120 112 104 96 ag a0 72
Chemical Shift (ppm)

98



BENZHYDRYL ALCOHOLS

.
g
.
g
F
OH o
o
o]
a
3a g J
w w
w
@ 1ot
~ o |
LT $ T“: T‘D ! 5“ 5‘0
b 5 y 5
b
& o 2
u % o
Wy
l' sy

[
1.00
=]

L o L ML B o o B e o o L B o o B e e L B o o o o o o B L o o o e B B L R L S
c

10.0 95 9.0 85 2.0 75 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm})

]
- 2
= I
g, & 5
ho= alz
@ ] B
2 !
-
5 =
OH 2 8 .
1 -
g B
s o aly
5 L
HO = 5
g
3a
(DMSO-dg, 100 MHz)

224 218 208 200 192 124 178 168 160 152 144 138 128 120 12 104 96 a8 a0 72 64 56 48 40 32 24 16 8 0
Chemical Shift (ppm)

99



OH

MeO OMe
3b 5
(CDCl3, 400 MHz) 3

[re]

378

B o
) o @
I
382 3.78

73

218

%]

39
4

-
=
s 3
wy
P
i
3.76 0.92 5.00
[f} [

=
uo
=}

D L o b LI L B o o B o e LA o e e I B e o e e o e e o A AREEEEE e
Z5 20 15 1.0 05 0

7.0 6.5 6.0 55 5.0 45 4.0

10.0 9.5 5.0 8.5 8.0 75

OH

MeO OMe
3b
(CDCl3, 100 MHz)

158.92

Chemical Shift (ppm)

127.71

113.79

L— —136.36

7Tz
77.00
TG

o]
©
e}

L L L L L L A L L e ML L L L oL L L L L L o L B B L B B L L B B B L L L oL s L Ly LS eaas La sy Laan s L o]
5 40 3z 24 18 8 0

224 216 208 200 182 184 178 168

152 144 136 128 120 112 104
Chemical Shift (ppm)

100




7.30

Z
o3
&
-
OH
Tg 5
T Ls
MeO Cl M
g »
3¢ % oB o o
o i RN ‘ =
(CDCl3, 400 MHz) Hh 7= " S i " &
E e z
[els] o
i X l
3.532.16 1.87 0.90 3.00
U d 5] 8] I
LA BRI BLELEL LN AL R UL LR NN BURLEL L LELEL LI LU NLELEL LA LU NLEL LR LNL L LA BN NLRLILEL LN BLEL L BLULEL LI JLNLIL LN LA BLEL L BLELEL L LELL L BULNLEL AN UL LU NLEL LN LN LU B NL LN B BN BLEL L BLLEL LN LELL L LU LR BLELELEL BLELELELE BLELELEL B
10.0 95 5.0 85 8.0 75 7.0 6.5 6.0 5.0 45 40 35 3.0 25 20 15 1.0 0.5 0
Chemical Shift (ppm)
d
5
&
& g 2
z &
b .
g ~
o i o B
OH 5 rEET
— I =]
51 = g
[1=] 0w
o4
T
2
MeO Cl s 8
g | Lﬂ“ '
3c o T z
g o L e B
(CDCl3, 100 MHz) 2 T
|

it el Ut Al e bt o it it ek ol i

iy 216 208 200 182 184 176 168 160 152 144 136 128

120 12 104 96
Chemical Shift (ppm)

101

]

&0

7z

[

56

48

40

3z

24

16

8

0



292

w0 o=t [ )
88 §2 22 5B
L “o
OH LT
&
181 1.85 1.94 2.03 7
N OMe [T = =
| 7.3 7.2 71 7.0 6.9 6.8 6.7
3d
— O = O o
(CDCl3, 400 MHz) %ﬁﬁ% sohe o 55
S . A i . |
Ea )
181185 1942.03 0.95 298 6.00 0.88
H H 5] 1] 1 U [}
S R EE———————,
.5 . 5 5 L .5 3 55 5. 5 5 X 5 . 5 5
Chemical Shift (ppm)
8
5
0
o o
[+ &
o 8
o
o 2
s
EE
g
-
OH
Q
g
o
~ B
N OMe -
| = 5
3d B g 2 "‘—l’ Wt
(CDCl3, 100 MHz) Z & o 1avs
|
R —
e AR S
224 216 208 200 192 184 176 168 160 152 144 136 128 120 12 104 96 88 20 72 54 56 42 40 32 24 16 2 o

Chemical Shift (ppm})

102



2m

. ERE
@ QT;E -
OH b ST s o
L s w | 2 ll:'\?l
I - l.lnjg o
O
)J\N 2.03 421 199 087 102
[ [ "
H TIE T 7|U T G‘E T e|D T =|=
3e 5 5 55
(DMSO-dg, 400 MHz) "
cnv'ﬁhr“'o =+
- - —
T 5 o =
& . rJ'\“ El%m
7 — 8
|
J I
2.03 3.01 3.00
5] [}} y
I R R R R R R R s B R IR B o B R R e o AR AR AR RE AR ARE R R R Ras R R R R RRRS R R E R R RE R a i E BaR s R a e o R
0.5 10.0 9.5 5.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ]
Chemical Shift (ppm})
o
=1 ]
wy o
@ =
o o
2
S
OH . 8. g
o 15 1
VT @
P ) : J:
o ) @
H g ] o
= & L
3e L2
(DMSO-dg, 100 MHz)
i TP Y e

80 Tz 64

0

224

144 136 128 120 112
Chemical Shift (ppm)

160

1 208 200 192

103



OH

23
[
(0]
)J\ 1.82
O N OMe =
H ARLAARAN RAARI LAALN RAARERALES ML LALAI LAM s
3f 7.0 69 6.3 87 66 6.5 5.4 |
(CDCl3, 400 MHz)
e 'le o
b [fe) -
w | (]
L ! k '
8.1 1.82 0.75 0.89 2.82 0.80 .00
5] 5] y y 5]
RELELELS BLELELELEN BLELELELES LELELL BLELELELE N LU RLEN NLELLELEN UL LELELELE BN UL LA BLELELELE NLELELIL BLELELELE WL LI RLE FLELELELE LN NLELELELE BLRLELEL BLELEL LA BLELELELE AL BLELELELE N L UL NLELELELE LU LU LR UL RLE BLELELEL NLALELEL BLELLELE FLEL L BLELELELE FLELELELE BURLLELE NLELELELE B B
10.0 95 5.0 85 8 75 7.0 5 6.0 55 5 5 5 1.5
Chemical Shift (ppm)
o
5
2 2
H ] B
A
- g |
o T
OH " T ‘
b o T aiadaanss T
o 138 136 134 132 130 128 126
(@] 23
X &
-
=
O N OMe —
H L]
@ P w
3 2 A b ©
(CDCl3, 100 MHz) B nEY 5 i g
- - QL = i)
| ci o T 3 L
o [ | 8 |
| |
| J,L . .l N |
R L LR LA L L L L LA LR LR IR L I I LR L L L I LA L L L L L L L L LR L L I L L L L LR L L R L LA LN LR LR LR LR LN LLRLE RN LR LAY LR RN RLLE LR

218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 Tz 54 56
Chemical Shift (ppm)

104



|

w [s=te]
g8 2g ®O © 3
[ [ - |rJ
@)
OMe 2.00 2.00 2.02 1938

H T T T T T T T T T |:| L L (L |
39 8.0 75 7.0
(DMSO-dg, 400 MHz) e . L= BB
Bk

L a4

\712.80

[y
0.41 200 200202

e— 0] H Hd

L R LA B B o o o B B B L L L B e e B e s s R e
0 g

13.0 125 12.0 1.5 11.0 10.5 10.0 9.5 5.0 8.5

592
= S—

L

L

=]

n
w©
=
&

X 3.00

] [

R B L B O B L O B O B e LA AL A e R e
1 c

35

1.

a

C o

Chemical Shift (ppm)

-
uy
Pee
]
—
o
@
L]
o~
'\-'D
]
&

OH

0)

113.54

128 128 127 126

OMe

~39.93
30 .00

OH
39
(DMSO-dg, 100 MHz)

137.19
—129.16

150.90

167.18
158.22

T T T T T T T T T T T T T e T e e T e T e T e e e
224 218 208 200 182 184 176 168 160 152 144 136 128 120 M2 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm}

105



3.79

= o B
OH R g B €3
) (] '\‘| |H
b |~ L
OMe
1.91 1.88 2 1.88
3h = = = =
77—
&0 7.5 7.0
(CDClg, 400 MHz)
2
@ o [t} Bo
| R I © o
woten g
! ”l’ 3
(]
j A k 1
0.88 181 188 224 1.68 0.9 3.00 0.87
y =] =] =] =] H =]

R A B A e B e A A o e A B L A e B LA B e e e B  RAARRREsEa L
10.5 10.0 9.5 9.0 85 8.0 75 7.0 6.5 5.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 05 0
Chemical Shift (ppm})

5
g
OH 5 2 K
& ES s
2k
805
- @
OMe & 2
t [
H L,
3h =
: 5
(CDCl3, 100 MHz) *
5 SR
& P 8 8
- ¢ o RDPRDRI W Vo IS
2 2 o ¥ Ayt A Wiy
@ 5 =
w - B 136 134 132 130 128 126

224 218 208 200 192 184 176 168 160 152 144 136 128 120 112 104
Chemical Shift (ppm)

80 T2 64 56 48 40 3z 24 16

106



376

23

3i

(CDCls, 400 MHz) g
| g g
| | * l
& 3.00 0.76 298
d

3.82 1.850840.91 088
=H 4J 4d d d
I I e o o e e o L o e e e e e LA LR e e e e e s s e ]
10.0 9.5 5.0 8.5 8.0 75 7.0 6.5 0 55 5.0 45 4.0 35 3.0 Z5 20 15 1.0 0.5 0
Chemical Shift (ppm)
I
~m
w =
o g
— 2
T g .
S0 OH . ; .
E T
| ‘
14 18 1% 134 132 130 12 128 | 124 2z 1%
f=
o
3i 5 8
1 - [
(CDCl3, 100 MHz) 2 g
w =] o
oo - o
= 1 a | b -
5 Tloe 588 E
o = - ] L]
o — | [ |
- | |
I J L
J L - L. ,
T T T T T T O T T T T O T T O O O e O O O T O T
5 8 0

218 208 200 182 184 176 168 160 152 144 136 128 120 M2
Chemical Shift (ppm)

107



INTERNAL ALKENES AND ALKYNES

4a
(CDCl5, 400 MHz)
1.00

10.0 95 9. 8.5 8.0 75 7.0 6.5 5.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 05 o
Chemical Shift (ppm)

=
g
o &
w —
g
3
8 &
o
& o
& B
o = @ & @
J = & g
N o
o
= o
o
h &
L] |
o |
- J
=
4a - 2 i
; ~ |
(CDC|3, 100 MHZ) 8 E & T " i2ks R0 12rs 1270
cr )
|

224 216 208 200 192 184 178 168 160 152 144 136 128 120 112 104 96 i 80 T2 G4 56 45 40 32 24
Chemical Shift (ppm})

108



&
S

23

.
,; E [t} 8
- ! =
(CDCl3, 400 MHz) l |
—! —
6.521.11 1.88 0.28 3.00
H -&Hd-d H H H
D L o e o I o e o LA o o o e e e e e R e e e S S S S AR RRR R sy
10.0 9.5 85 8.0 75 7.0 6.5 5.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 0.5 0
Chemical Shift (ppm)
& ]
& = T
5
2
@
o~ @2
o o
o4
L, 2
o1
K
g |le
= P
= o ~ g
02
s
L_j|ﬁ =]
2 W =1
- 2 8 N, - SO
-] H‘_ 129.0 1285 128.0 1275
_ = I o
T8l " s = @
4b | @ 5] -] fie]
e o | | =
o~
(CDCl3, 100 MHz) n g
224 218 208 200 182 184 176 168 160 152 144 136 128 120 M2 104 96 88 80 72 54 56 43 40 32 24 16 o

Chemical Shift (ppm})

109



233

® =
[t} =
4c
(CDCl3, 400 MHz)
Lk
0.88 1.80 1.85474 423 0.85 3.00
H H H H K H H
B o o o L e L L B B o o e o B o R R e RS
9.5 5.0 85 8.0 7.5 7.0 6.5 5 5. 5 5 X 5 i 5 5
Chemical Shift (ppm)
.
=+
o
o~
.
2 &
5 d
(3]
o
@
5
= 2 |37
|| 2 8 5 5
[ [ —
(3] - w
7o | ©
‘l_ o
o«
o - 2o @
z : [
= |8 g cre 8 2
t - [ [=] A
g |1 = |f g
- oo
| 238 ~
(=R —
4c N | 7 g
b |
(CDCl3, 100 MHz) A MR Al
129 128 127 126
" Y " u ' _—r

T T [ T R [ T T T T O e e e e
224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 20 72 56
Chemical Shift (ppm)

110



377

— G .86
—F.54

w
4d % g
(=1
(CDCl3, 400 MHz)
R I
0.88 3.00
y y
L B o o o o B i T B B o o RN R e s e
.5 X .5 75 7.0 6.5 5.0 55 5. 45 4 35 3. 25 2. 1.5 ! 0.5
Chemical Shift (ppm)
@
&

[T .
w ® i
o @ o
— o
= -
= @ o
- o °
o I
o o
- e
|
[

128

te]
e}

126.79

5 b MMJJ

128.0 1285

128.0 1275 1Z7.0

158.49
142.04
13383

4d
(CDCls, 100 MHz)

—42.80

40 32 2

192 184 176 168 152 1 136 128 120 M2 104
Chemical Shift (ppm})

&8 80

111



381

58 By
] =
Tl 82 Ll
i [
o
1.88 392 280 3.97
_ e = | S—

T T T [ T T T T T
755 750 745 T40 F35 730 725 Y20 7415 FA0 FO0S 700 695 690 885

4e
(CDCls3, 400 MHz)

ku " 1 Loak

=1
=y ——515

10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 5.5 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)

12879

12816

=+
&
L]
1 8
3 &
& = =
[ T &
&
| jad
Z |
o o
| | < \ , - SO W I PR
| & ; T i e e P e
; 134 133 132 131 130 129 128 127 128 125 124
w
&
~N ~ o 84S 5
o o 8 . #8g g
— T - [
N | k= |
@ = |- = [ L‘ﬁ
de : Al b S8
s a =
(CDCls, 100 MHz) 2 : [l 3

224 216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

112



T7.29
7.29

Cl
4f
(CDCl3, 400 MHz) TTE | 7as | 7e0 | 735 780 | 725
1 i
1.00

10,0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)

o8
8 g 8
: 8
]
=
5
o e
g
o
|
Ay o
5
[}
= &
= - !
[l =] 5
|2 g
o .WL...“
T T \‘ T T T T T T T T
133 132 131 130 129 128 127
wy
=
Cl o o 7
3 ]
4f g8 g 8
m
wo
(CDCl3, 100 MHz) :
, —— I - . —
R L L e A LRI e e e LRARE LALAN BARAR LRI R R b e AR LR

T I T T [ T [ T T T T e e
224 218 208 200 192 124 178 168 160 152 144 138 128 120 112 104 96
Chemical Shift (ppm)

113



378

513

49

—0.00

= H ]
I o o e e o e I I o L o e
[ [ [

10.0 95 5.0 &5 2.0 75 7.0 6.5 .0 55 05

]

Chemical Zhift (ppm)

12916
12868

—129.16
-\—128.88
13185
128,83
12624
12808

133.40

12824

o
[=1
-
= = - b L L A b e ot
o Hao % 1335 133.0 1325 1320 1315 131.0 1305 130.0 1295 1290 1285 128.0
2z e
= N L B 5
~N =2 o i
(0] Cl = | s =
= o 2 g g8 3
49 8 s 8 2 3
0 = T |
(CDCl3, 100 MHz) © T I
|

a0 72 54 56 48 40 32 24 16 il 0

224 218 208 200 182 164 178 168 160 15

T T O T A T
144 136 128 120 112 104 B
Chemical Shift (ppm})

114



7.30
729 \oog
728

jud

&5
-
- z
[ 1
=t
A
R
HO 1Y
e

4h

0.00

(CDCls, 400 MHz)

—
1.32

X

LS

35 3.0 Z5 2.0 15 1.0 05 0

10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45
Chemical Shift (ppm)

4.0

T o
ze :
Py &
- [=]
@
I
= 8
E o Iz
d a8 o 8
! CTe 2 7
HO g g 20 = o 7
: o =5 |l = |
wy : (=1 8
4h T 2 = & L
1 : @ -
(=] T T T T T
(CDCl3, 100 MHz) 7ol 125 138 43T
. e . o USSR J

224 216 208 200 182

4 176 168 160

136

Chemical Shift (ppm)

115

80

T2

4 56 48

16




—234
—215

wn an - s s
- 3.60 260 4.43 1.85
o L | | | L |

L L B o e I B IR RS o

4i
(CDCls, 400 MHz)

" J

T T T T T
.5 X %1 75 7.0 6.5 55 5. 5 : 5 5 5 .5
Chemical Shift (ppm])
B - >
& a g
- B 1
oo
[
[
fl o
m Z
Zg
oo
O -
N :
Q o
N H = E
H . q g
4i
o
(CDCls, 100 MHz) 5 o218 . oo g
o o e -+ o [ a2z
0 oo — o =2 -t | o
] P o @@ |
[ T [

144

126 128 120 112 104 80 72 B4 5B 48 4D 2 24 18 8 0

Chemical Shift (ppm})

200 182 184 178 188 180

218 20

116



205

OH
4
(acetone-dg, 400 MHZz)

Ak (ST

2.05 0.89 3.00

o] ]
L B e
10.0 9.5 5.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0

Chemical Shift (ppm)

5
B Ak
E ,‘T
i fl
(@) s
O 5|2
o
OH s
4 g 5
(acetone-dg, 100 MHz) 528 _ o - e
[ 3 s 1 I
3 o g B8g o 2 8 i i E
2 @ & P T 5 v H
RN 5 |
I I [ ] L - X | —
LR LA L T T AR DARALRARAN RARLE RALE] RERLE RN ML T DT LARLARAI BARLE RALE] R RAR R AR LAY LA LA LA ARAAR LRLEY RARAE RLRLE L

T
224 218 208 200 152 184 176 168 160 152 144 136 128 120 Mz 104 96 88 a0 72 54
Chemical Shift (ppm})

48 40 3z 4 16

117



ki

b5a
(CDCls, 400 MHz)

e,
=

=

C=

85 5.0 8.5

L B B L B I L B B R N R L R R R R SRR R R EE R R
E, I I

Chemical Shift (ppm)

12858

12886

2 2
= ]
- - _
CFs g | 3 ol
] 7 s
= . Y
e yerdivng i Php wrwh
= % ge i i 7 % & % i3 e = =
5 =8
& e g ©
o
[ tH
= L
o
~ g o
o o &
O N by 8
B P w
F oo P | =
Sa z g 1 2s 2
o 1 Y o1 o
i = e HEE o o
(CDC|3, 100 MHZ) N z ) o B i
oo e o o
— =0 = o
Bl | [SEE,

224 216 208 200 182 184 178 168 160

136

T RanaaaaaI e AR LEE R
120 112 104 96 a3 a0 72 64 56 43 40 3z 24 16 8 0
Chemical Shift (ppm)

118



FsC CF3

379

g T i
- T o
~o T g
5b wy
(CDCls, 400 MHz)
)
1.750.87 7.07 1.85 0.87

[

5]

5]

=
=

5]

L M L o o e e e e B L e o o B e L B o o e e e s e L o o o o L L L LR s LR AR
I I

Chemical Shift (ppm)

9.5 9.0 85 8.0 75
2
g Jre}
- 2 "
| -
'l:?.
Il ;
L L L L L L L I
133.0 1325 132.0 1315 o
o[
&l
2 4
It «©
o 5 : ¥
5b T 5 f
&
(CDCls, 100 MHz) &

114.18

94.45

o
b
5
o o
b ] EoBcf
d = moESE
d K ~aya
5 ‘ T A
=g J!.
. il A "
M~ m o f ik frr el
w
! 5 T e
[ 1270 1265 1280 1255 1250 1245 1240 1235 1230 1225 1220 1215 1210

—55.29

42 86

81.83

224 216 208 200 182 184 176 168 160 152

144 136 128 120

M2
Chemical Shift (ppm)

119

104

80 Tz 64 56 48

40 3z 24 16




Cl

377

516

5¢c
(CDCl3, 400 MHz)

{UUU

J

i

w
=]

[1m

R e e e e L B s e s e e L e o L o o o o I L B o o s i B L e o B e R S s RS L e AR
I3 I

10.0 95 5.0 85 2.0 75 7.0 65 6.0 5.5 5. 5 X 5 X 5 L 5
Chemical Shift (ppm)

8
&
o
g B
8 = 5
Cl 8 z | &
& & |u8
n 8 LR
I I
8
gl
E 5
[ i |
o = X ¥ gl ,Im
mald A B S RRARS ARRSSRARSSEARSS nESSs
. & g o 134 132 130 128 126
SN = 8
5 e -o® o
[ - [ER =11 =+
z e e | 1P ERT
! = @
~0 8 T8 8 5
o, b g
5c 3 5 & b
- =
(CDCl3, 100 MHz) o |l 5

224 216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 96 a8 80 72 64 56 42 40 32 24 16 2 0
Chemical Shift (ppm})

120



Cl

379

Cl

=]
=4
=
=3
a
i

>
=1
-
]
a

~o cl S = .
5d -~ | 7% 70 Sl
(CDCl3, 400 MHz) i
L Wb
1.93 082 3.00

=] =]

10.0 95 9.0 85 8.0 7.5 7.0 6.5 5.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 05
Chemical Shift (ppm)

B
Cl =
Cl 2 Tl
8
2 e
@ g e 8
- 8 7
o =
f
. . .
Re_ 340 1335 1330 1325 1320 1315 131.0 13058 1300 1295 129.0 1285
g 6 Ho z st
~ 84 Fre 2 g
o) cl . R . < :
5d ] = o
- = o
T T I~
(CDCls, 100 MHz) l . K
3 1 ] 2
| gl I
ripin - " oty ! J,. y i i L " T ,I L ik

0

0

224 218 208 200 182 184 178 168 160 152 144 136 128 120 12 104 96 88 80 72 64 56 43 40 32 24 16 8
Chemical Shift (ppm)

121



O
\
9.99

H 5e
(CDCl3, 400 MHz)

]

i g—————— — 3!

m
=
@
b
8 .
~ | .L.'Lg
L [
% [}
b
2.08 216 210
e |
T EAaLLany pam— R RRRAIRALE S
7.8 7.0 69
s}
o o
uli gl
051 3.00

125 12.0 1.5 11.0 10.5 10.0

—118.60

9.5

—118.37

118

T T
o~

H 5e
(CDCl3, 100 MHz)

L51e]

—1

118

5.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45 3.5 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)
- 2
=+ '}
5 & B
w3 - -
= w - =
R 4 o
| & 8
!
15 3
o
T T T T T T T T mo®9 AWJ
17 116 g w)_wM,ML - M . »M,‘M
P —

=]
@ LAANNN MMM ARSSA Aunes AL [AARRRAROAN
o 130.0 1295 129.0 1285 1280

224

216

208 200 182

176

168

120 12 104 95 88 80
Chemical Shift (ppm})

144 136

128

160 152

122

64 56 48 40 3z 24 18




o«
HO e s Y T
- =+ " P pl P
5f g%k‘j Th“gﬁﬁﬁfj b 226 447 425 533 127 2
: [ | | | 1L ) :
hl‘“—&" f——J | g |ARAE RASA RALRE LARAI RALLE T T T Cl'
(CDC|3, 400 MHz) k‘[ \ l _:de_ 780 785 750 745 740 735 730 725 7.20 |
Y - A
7425533127 21 oo 0.79
H &4 H =] H =
BRI AR B R L R R A B R AR s s B AR R R AR RAS RRRRRRA SRR RRR A RRRRAR
9.5 5.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm})
ze Z
a5 o
Ll T 5
S & &
g = i
w - w
oy o
L] —
P 3
ga ]
T -
f :
S| 53
T &
o - -
ng82 | J
Ere
by L
o3 @ J
od o - (=] o
HO = 20 = = et i
-
= E‘—gg = |r‘:MJJ||||||I\I
5f 5 Ll E [ 1280 1285 1280 1275 1270
(CDCls, 100 MHz)

224 216 208 200 182 184 178 168 180

136 128 120 12 104 95 83 80 T2 54 56 43 40 32 24 16
Chemical Shift (ppm)

0

123



are

.34
833
832
a3

59
(CDCl3, 400 MHz)

.

0 3.00
=)

R o B L L L e B
5L, I3 K,

10.0 9.5 5.0 85 8.0 75 7.0 6.5

0

C o e——533

Chemical Shift (ppm)

8
ol
z
g z
&
578
S
— ]
I hiE
wy e
el e .- 8 5
z @ 2
P e
| B
~ E N
o 8 o B 5w
5 2 = 0 82
9 T g =] = e &
(CDCl3, 100 MHz) & i 5
H

218 208 200 182 184 178 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56
Chemical Shift (ppm)

124



379

~BAT
—6.04

0.91 . k | X
=
2.0 75 7.0
(@) pe
(0]

OH 5h 5
(acetone-dg, 400 MHz) |
1 L L L, -~
0 0.92 3.00
l% 1]

L B L B B L I L L L L B L L L L L L I L B R R RN AN SRR RN A R R R R
g I3 [ I

1.5 1.0 105 10.0 95 9.0 85 8.0 7.5 7.0 6.5 5.0 55
Chemical Shift (ppm)
@ 5
@ @
& S L=
-— o @9
= = . .
& o B = 8
- - - @
(o]
<
(=]
|| g o =
bl o
ﬁ o4
= =4
@ [ 8
- o
= 5
= 2
o
° o~ -
WW‘I -
OH 5h EShanasanss rr———————————————————— 8 | &
134.5 1315 1310 1305 130.0 1285 1280 1285 1280 15 127.0 1265 c'?llj‘
(acetone-dg, 100 MHz) N
=R =] — — o =
LB2E8 sne = 3 HE
P P w
2 § §Ig 08 S@8GC 5 © 2 £ J
2 g A< ""J:'JT_'_?J = o | g
- - | |
I
! ! 1 ! ! | 4

224 218 208 200 192 184 176 168 160 152 144 136 128 120 12 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm})

125



29

Cl

w
[ S Se o w
:l by L fe Lo T

0.84 3.05 412 158 2.05
5=} | = =
—T 7T T
75 7.0
| ; 8m859, 2391 z
5i (A A TR ] =]
= B T T S
(CDCls, 400 MHz) e I
| J L |
— b—
084305412 1. 0.91 3.00 593
u [ u u u
S SMS S s E . EERSE S S s S S MMM
10.0 9.5 9.0 85 8.0 7.5 7.0 6.3 5.0 5.5 5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
z ° o
2 g @
Cl 2 a @
@ & o
5 o & - @
2 . 2 £ & 2
E T [y
g8 Py
|| ' \J 22 8 E
L T b= o0 1 -
AN A gt 2 | 2 i
e ————————————————— - -
135 124 133 132 131 130 129 128 127 126 x
@ =] =
o o~ oo
= . o o / o
~ ~ 2 & o M b 5
N (0] < 2 | g =
| 5i |
(CDCls, 100 MHz)

]

216 208 200 182 184 178 168 160

120
Chemical Shift (ppm)

126



Cl

378

Cl

6.84
E B
663
5.05

H,N o)

5§ L ﬂ 3
(CDCls, 400 MHz) A ) N |

0 02320171183 1.7 07 3.00
%} y
L I o o e e s e

7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 0.5 0
Chemical Shift (ppm})

10.0 9.5 9.0 8.5 8.0

128,64

Cl

130,78
13047

Cl

12864
13327
12874

7732
Fr.on
TE B

L\_

1345 1340 1335 1330 1325 1320 1315 1310 1305 1300 1205 1200 1285

13017
—115.27

133.27
[130.?8
r
Te11306

L

—5526

4203

H,N o)
5j
(CDCl3, 100 MHz)

158.47
93.34
§2.02

T [ T T T T T T T T T T e T T e T T T T T
224 218 208 200 192 184 176 168 160 152 144 136 128 120 12 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm})

127



)

1.
—

w
7]

(CDCl3, 400 MHz)

T4

73

7.2

7.0 69

p=———4 02

6.3

Ba

023

=

10.0

PN

224

12841
12771

12876

126.53

(CDCl,, 100 MHz)

5.0

6.5

=
=
s
(3]
-
L]
i
w
o~
el/
o
o~
[N

128

AREERE REE}
£ L

Chemical Shift (ppm)

11382

120 112 104
Chemical Shift (ppm)

128

5.0 45

96

o
@
=1

376
226
227

29
229

bl

L
2.26
225

5523
—2202

31.10
—18.64

—13.62




ki

_,-.
—6.64
“eBE2
—6.34
6.30

=

\

w
o

T
[

6a
(CDCls, 400 MHz)

4.85
4.83

L.

[lll

A .
085

3.00

=]
R o e o Ll B e o m o o L B o o o o R n R e e e s e o

10.0 9.5 9. 85 8. 75 7.0 6.5 5.0 55 5.0 45 40 3.5 3.0 2.5 2.0 15 1.0 05 0
Chemical Shift (ppm})

&
& o
g ]
o 8
2 8
8
]
& 8
gtﬂ
— ™
&
o . z
B 8
& o
o
3
= 5
o
[ J
- w
— = 130.0 1295 129.0 1285 128.0 1275 127.0 1265 126.0
] —
@ | 7 9
@ - ]
~o B 8 BB 8
m.m"l‘ o ml
)
6a - 2 B< ey 8
- g ‘_L'l ! e}
(CDCls, 100 MHz) B g |
| ' ‘
— | . 4

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 32
Chemical Shift (ppm)

129



arae

o
o
=3
| @
!
B BEEE 83
_ % RS 17
|
At L
4. 0.95 0.91

~
b

6b
(CDCls, 400 MHz)

4.80
4.78

(l oo

.
.56 6.00
o] o]

L L B B B L e
I3 [ I

=]

9.5 5.0 8.5 8.0 75 7.0

Chemical Shift (ppm)

.
5
bt 2
H T
]
2
3 &
F a =
/ o
g s ®
5.8 s} g|2 fg
EEE gl ] ER
Sdgd 2 =|F Ty
_:.M:_WJ 1 ‘Lw.mli.«u

e T T T T
W 130.0 1295 123 122 121 120 119 118 17 18 15 114 13

© © T 788 o
6b H, Ee%ﬁ R L T
(CDCl3, 100 MHz) 383 Hi I
17 L N
] C | [ .

'

B L L aa ma e o L L L o L L e L L e L e L L L L L e L e s LA e el e naa s i ey e e

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

130



7.0

70

o
o
o
/ .
oi
og
THcs Gg
0] 2875 g
R [l
H 70 69 68 67 66 65 64 63

6¢c

743

o
=1
o
(CDCls, 400 MHz) i
e UL.- o aiy b
3.002.87
 H
RS B B B A AR B i S m e a e R RRE AR s B R AR e R R EE R R R B o MR B
75 7.0 6.5 5.0 55 5.0 5
Chemical Shift (ppm)
1
© 8
£
o
o~
A v
o
w
o~
w E
@ )
= =
=+
= oo
0] ] Se
o El\-l\- AR A as L e B L e s s A R n ARt ke na
| |KJ 136 135 134 133 132 121 130 129 128 127
N e 7 =
H Z5 b f_—
o7 = @
6c e Bad ‘['| | §3|
o Laly
(CDCls, 100 MHz) 8 gk
Shh
e A LRBLEIninarasasEE RIS R AR BLAARLaLaR e T R Iaiain A LRinataintpasirCEEREE T
224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 88 80 72 54

43 40 32 24 16 8
Chemical Shift (ppm)

131



\

| 6d
(CDCl3, 400 MHz)

29

—E6.29
—B625

378

=]
o
@

476
474

[Uon

oo Al .

=]

o

8 6.00

w

i 2.

C
[i=

10.0 9.5 5.0 8.5

\

| 6d
(CDCls, 100 MHz)

8.0 7.5 7.0 6.5 6.0 55 5.0

45 4.0 3.5 3.0 25 20 1.5 1.0 0.5 0

Chemical Shift (ppm)

129.49
3

\-—129.1

1379
11274

14927

@
4 bt
& a

4068

—5233

224 216 208 200 182 184

178 168 160 152 144 136 128 120 1z

104 96 i 80 Tz 64 56 48 40 3z 24 16 8

Chemical Shift (ppm)

132



M
377

\

OH 6e

(acetone-dg, 400 MHZz) ] I ]‘
J ' . L
0.95 1.01 3.00
= 5]

L L L o o B L e L L e o o o O o L o o B e o o ML e e B R e s e e ey e o]
I3

10.0 95 5.0 35 8.0 75 6. 55 5. 5 X 5 X 5 L 5
Chemical Shift (ppm)
F
&
o
p
L]
L
/
& ~
(0] O/ a3
2l=
9 thl
OH s
6e <
=+
(acetone-dg, 100 MHz) o 3 A E
Y= = o —mo =
sg: & §s52 8|8 g5z 1528 . S &
W 2 [=] aomn® & — @ fadaiic] g MY L]
© o B o = = T_:Lj - H | 3] T - [re]
LT 7 [ H r—J b
! Jl ,l | L I’J l|

218 208 200 192 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32 24
Chemical Shift {ppm}

133



382

fl g
OMe - o : - o
0.98 198 202 283 147 201 1.00 0.98
[
"|""|""I"''|‘''‘Il;"'|'"'I""I""I""I""\'"'I""I""I""I""I""I""I""I""II
t_g
7 - W o
@ | =
(CDCl3, 400 MHz) 5 |
A
298 3.00
U
ML AL FLELEL L LU UL B LELELELE B ULELRLEL UL LU B NLELEL LA BLELELELE AL BN JLELELELE BLELELEL N IR I
- A A -

10.0 95 5.0 85 8.0 ] ! 6.5

Chemical Shift (ppm})

. 2
a
L]
Egz
B 535
5 T
3 =
5 &
J E B
g 5
OMe g T
- a
3 J
T w
o
o
g w
MJWMLWM 28 @ g
w -
7 wE2 a1 qee iz = = [ tl g T
=1 & [ -
= ! =
o 2 b
(CDCls, 100 MHz) 2 95 2 ) 2
8 g ||| < 2
| - | @
A Ll |
- Wty "k A " o Nl penrimipinio? oo hrrapbal wnioniy

N B L o B L L L L L L B B B L e L L L L L L L L L B L L L L L L L L B e L L R LR LR e
64 56 48 40 3z 24 16 ] 0

224 218 208 200 192 184 176 168 160 152 144 136 128 120 M2 104 95 88 80 72
Chemical Shift (ppm})

134



on |

235

182 100184 2380 073215 0.6 084
- S— e gy |
Do e AP Y SN
8 |
(CDCl3, 400 MHz) g
T
a il L — JLI
e
5 0.70 0.95 3.00
H H H H H H 5] [SS] H
R o R B b B B o R A B i o o o b o B L o I B o B o o R B b o o L B I o e o o AR RRARE b
.5 . .5 7.5 55 5. 5 5 .5 5
Chemical Shift (ppm})
#
&
o
& =
8 @
& 2
. 2
5
g w
5 o
— (3]
fl 2 i
OH (I
& S
1Y =
5 e
H I T
_ o
ot ,..,,ML.« e =
LALAR) RLLAELIALY AR LA LA LLARN AR R 3 50% ]
8 1285 129.0 1285 1280 1275 w o= RE o -
5o & o i 8
@ — P — =2 ! &
(CDCl, 100 MHz) & z i c |
2 5 ||
| | "
. | " . . -
T T "
T

224

178

200 160

208

216 182 184 168

152

M2 104
Chemical Shift (ppm)

135

T2

64

48

40

3z

24



BENZOFURAN

2
(]
8
=+
P
g
9 L=]
(CDCls, 400 MHz)
. -
204 3.00
u u
. e s o o o N R o R R R s o e m n m e
5 5 50 45 40 35 3.0 25 21 15 5
Chemical Shift (ppm})
et
ja o @
! & g -
Tl
0 L.
\ T o e T W .
e s o
P — 130 129 128 127 126 125 124 123 o
YAl &
2 S8 o
] =) ! ttg
L] @ @ -
9 g8 8% : : o q
(CDCl3, 100 MHz) z | T g &
4

T T T T T T e T T e T e T e T T e e e
224 218 208 200 182 124 178 168 160 152 144 138 128 120 112 104 96 28 a0 72 64 56 43 40
Chemical Shift (ppm)

136



2-ALKENYL AND 2-ALKYNYL TETRAHYDROPYRANS

730

720

728

10a
(CDCl3, 400 MHz)

452
4.51
450
449

60

3.59

4.07
4.06
4.05
4.05
4.04
4.03
4.03
_‘?_3.81
i3.58
3.56

—n0.00

1.762.66 0.86 0.98 1.00
H 4 =] =]
I R B o o o s o o e B B B o o o L B B e R BB RN Ay
0.0 9.5 9. 85 A 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5
Chemical Shift (ppm)
=
-
o«
w
[ne s
o™ o
o
o

_1"_1

3215

B e
o | =
8 =, 2FE 3 !
(CDCl3, 100 MHz) 1 '\
L L

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72
Chemical Shift (ppm)

137

64

56

48

40

3z

24

16

8

0



739

r

10b
(CDCls, 400 MHz)

78 074 077
H = =]

DR s o L m s b o o e R I e o R RRRRRREEES s Es Ea e .
10.0 9.5 5.0 8.5 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm})

[

=

w

o~
=R
==
&=

7T

o
128 45
127 40

—2587
—2343

—130.54
x
-

_~Ta02
6842
3223

10b
(CDCls, 100 MHz)

137.02

96 23 a0 72 64 56 43 40 32 24

iaaanas: RARRLALN LR e L e T T T
224 216 208 200 182 184 176 168 160 152 144 136 128 120 112
Chemical Shift (ppm)

138



0.90

082

10c
(CDCl3, 400 MHz)

—7a7

10.0 9.5 9.0 85 8.0 7.5 7.0 [ 5.0 55 5.0 45 0 3.5 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm})

o
w
— &
= w
o
m el
o

=t
Z & 3
0 & 3
=R - T
P =1 o4 ™
oo
33
(=1 [}
;L_L_‘q 8
";l\- w
w |

B
g0

10c
(CDCl3, 100 MHz)

T T T T T T e T T T T e T e e T T e
224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

139



0.00

=
™
-
F L]
(o]
I
|4
w
3]
-
(0] é e || =
o (| e
- -
Y = 3%
- T (R
e 232 2
P L]
H
(CDCl3, 400 MHz)
e
Rili} 1.13 1.18 2.331.183.50
=] =] =] H e
I B e I B L B B o e L I B B o o o o B L R o o o A I o o o R B A e e R AR R L o o N e
9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5
Chemical Shift (ppm)
w
Q
o
L]
88
s
~ B o
@ I
- o
@ —
g7 P g o
(@) = @ 2
[ =
o ) o
w
2 @ o
@ = =]
] [
— w =
u b g
23 o «
10d 25 N RN
a8 I 5 &
(CDCl3, 100 MHz) 35 s
T SEava L aRIaEas R L T T T T T aRiaamazuiany oy T
224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 95 88 80 72 54

Chemical Shift (ppm)

140



3.80

OMe
o~
o B
v.g @ @
- w
10e Ll g |5 s
- o
(CDCls, 400 MHz) | 2235 g:3a|2580y 385%8yaBo8E 7
e g c?_:j'_f:ijj -
I "ol e W
]
1.86 1.85 0.88 1.00 3.00 1.1 210 1.083.41
=] =] =] = H H =H e
ARLELELN BLALL LA LU JNLELEL L LU BLELEL L BLLELELE BLELELEL BN NLELELEL B NN L LN UL LU NLELNLELE UL NN BRI UL LA BLRLLL UL LA LU LA ELNLE BLELEL L BLELLEL UL NLELEL N BLELELELES JLELELELE BRI LALELELE B NLELELELE B I BLELELELE ILELELELN BLELLELE L I L
10. 5 . 5 . 5 I 5 . 55 5. 5 . 35 3.0 25 20 15 1.0 05
Chemical Shift (ppm)
& 85
2 kg
- g
-
OMe 2
2
ll{’l
o~
8
o 2
hick &
8 &
L ]
(CDCls, 100 MHz) |3
w
re]
J

st et oo e G s 1 s o ettt L s 40 bt b bt

224 216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 96 a8 80 72 54 56 42 40 32 24 16 ] 0
Chemical Shift (ppm})

141



2-ALKENYL AND 2-ALKYNYL TETRAHYDROFURANS

T
[ 1
3
O é $ [
11a 5 %: T
(CDCl3, 400 MHz) o
223336 1.00

= 4

B o B L o R B B o o e I B B o o R B o o L RS B o o o e LR AR EAREN R R e e s s e
55 50

Chemical Shift (ppm)

10.0 9.5 5.0

o) =

11a
(CDCl3, 100 MHz)

85

13166

8.0

75

7.0

12819

12816

6.5

131 66

6

0

12816

45

4.0

35

B7.89

3.0

Z5

20

15

3338

1.0 0s 0

224 216 208 200 182

184

176

168

160

152

144

136

128

120 112 104
Chemical Shift (ppm)

142

24



T

28 =
= S
o = s8 o 2s
o:ijci [
= 55
Ll -
11b il E
-
(CDCl3, 400 MHz) <
[
J [ * ]
108 238111243176 00 1.8

= = = 4 =) ==

e o I B B L L B B B B R o B L B B L B B W L B A B o R aman e
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 5.0 5.5 5.0 4.5 4.0
Chemical Shift (ppm)

12667

13047
12817
126.30

(@) —
/ o
— 2 3
2 5
oo =]
. - =
11b : : Z, z
o
(CDCl3, 100 MHz) 28 g
T — 0 =
3 &y M -
g S |
e —
ol - w
gl 8
T T g
= 5 2
‘ " " . = =3
T T T T T T T T T T T T T T T T T
133 132 131 130 129 128 127 128 125

T T T T e [ e e e e e e e e e e e e e T
224 218 208 200 182 184 176 168 160 152 144 136 128 120 M2 <
Chemical Shift (ppm)

143



0.1

Bu

—732
083

(0] =

735
—7.11

r
709

11c

g yE8e o Go83
(CDCl3, 400 MHz) o T TS 8 TESTRE
L___| =4 Lum ]
=+ L—~—\1
I_\_‘_“|
L
195 205 0.85 0.951.00
U u u
AR S E L e R L AN o oL o R A o B A o = B = = = = B e AR e Ra R e e
95 9. 8s 8. 75 7. 65 0 55 5 = 4.0 35 3.0 25 20 15
Chemical Shift (ppm)
_ ]
[ g
L
8 T 21
L g
& L
Bu
O _— - @ o
el -
——— 8 hor -
w 1
11c ® By :
Moo rJ
(CDCl3, 100 MHz) - 2 g ® 988 g
o @ = = [ s 2
g :l I b
| \

224 216 208 200 182 184 178 168 160 152 144 136 128 120 12 104 96 88 80 72
Chemical Shift (ppm)

24

144



379

OMe

11d 2w 8-
« | o @
P P w
(CDCls, 400 MHz) g s )
o oo B 1] o
- 58885580 g
! I
| . |
) [y
1.82 1.91 0.951.98 0.97
=] H = =

10.0 9.5 5.0 85 8.0 7.5 7.0 6.5 5.0 55 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0
Chemical Shift {(ppm})

13312

113.79

OMe

5
33.43

—G7.84
25.48

865

11d 4
(CDCl3, 100 MHz) T

77.32
77.00
“-76 RS

B

I

|———114.89
—— —87 .57
———=84.33

e " _— S M _ o " LT > AT iy . O
R B L B I I L I I I B I I L L L B UL I I L L LI LR I I UL B I L LI LR UL L UL I LR L UL L I LN I ILLLLN UL L L LN LY LR LR LR LU LN LY LY LR LA

224 218 208 200 182 184 178 168 160 152 144 136 128 120 12 104 96 88 80 72 64 56 45 40 32 24 16 ] 0
Chemical Shift (ppm)

145



—7.35

751
751

Cl i
"

725

Cl

0.0

o) =

7.23

\_ ?.23\_7_2
A0

4.79

4.78

‘:
477

1e
(CDCl3, 400 MHZz)

W
Lo
8127

L
92 1.081.27 147236118
4 H Hd I
L e o o o L L B o o o T LA B e e e o e o o o R B EE B o o e e e e e o RS e e e e s e s s s e s

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 5.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)

0 an

1

ll{.‘!
N i
m o Wy
o o W O
- " 8
™M - I
— [} [=] g 2
Cl & = o8 2 p
2 o - 1
(] o
T = g
Cl e e
o r_J

N
o= 8 8
235 2
oy
L] I~ w
- = T =
11e B § 5 8
N o

(CDCls, 100 MHz)

ind Ml

134 132 130

T T T T T T e e e e e e T e e e T e
224 218 208 200 182 184 176 168 160 152 144 136 128 120 M2 104 95 88 80 72 54 56
Chemical Shift (ppm)

146



—7.2

w

=]

~
L,

0.00

480
480

IS
[

a2

0] =

479

11f
(CDCl,, 400 MHz)

= [ - [
2.411.021.03 .00 113230116
= d 4 =] =H e e

L L o B I B L L I B L L B B L L L L L B B B L L R R R R R EEEEEE R
g g 5 3 5E E, g 5 g g g

Chemical Shift (ppm})

(=]
2 =
o S8
= = |
— L
o 0 = 2 g
z = 2 w3
a z w5 &1
- = — o @
= o = & oo
. z 11f = g kR
5 By g T 7 - 8
g < | o &
: oy 22 (CDCly, 100 MHz) o . 8
lf g e
R AN B B Al Sl A s " ML Hi i L
224 218 208 200 182 184 178 168 160 152 144 136 128 120 M2 104 95 83 80 72 54 56 43 40 32 24 16 8 0

Chemical Shift (ppm})

147



0.00

" |
25T
FsC 888 g ==
i) —
o= e
119 5
(CDCl3, 400 MHz)
_A.n_J LS
— S

1.10 1.08 1. 07 00 .
=
L B B o B L B B e

1
45 40 35 3.0 25 20 15 1.0 0.5

0o 142147

B B o o o L B R R S EEEEEEEE S
10.0 95 8.0 8.5 3 7.5 7.0 6.5 3 55 5. 5

Chemical Shift (ppm)

Fs;C
o
&
o0 g &
L)
@ o«
g = & T
g &
f=]
-
(=]
g arg | S
[} o
(CDCl3, 100 MHz) 3 e 7
. e
g B
3 & h
w8 7
28z - o 2
3 z ghls @ § .22 G
= R V-1 = TR
8 & [ 237+ 1=
! [ ‘ J*q_; 2 -o &
VPSSR 1o W PRGN NI S L R 2] 2
— o SE 7}
T [ By =2]

218 208 200 192 124 176 168 160 152 144 138 128 120 112 104 ] a3 20 72 64 56 43 40
Chemical Shift (ppm)

148



0.90

(0] =

09z

21 20 19 18 1.7 1.6 15 14 1.3

11h
(CDClj, 400 MHz)

—7.27

10.0 9.5 5.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5
Chemical Shift (ppm})

L B e o L o e o o B e B e L B o o o B o e L oo e o o e s o
£

2
o = =82 %L' e o
[ 3]
[y |
ity g |
11h R
(CDCls, 100 MHz) " l
o0
=]
|

T T T T T T T e T T e T e T e e e e e e T e e e
224 218 208 200 182 124 178 168 160 138 128 120 112 104 72 64 56 48 40 32
Chemical Shift (ppm)

149



7.30

Tar

738

SN ¥y g fes
25 e
[
12a 'D
(CDCl3, 400 MHz) o
4
. il .
— —
219 2101.10 1.00 o0

S
1.041.05
=

000

L B e o o L o i o e o B L B o o e B B e e A
10.0 85 8.0 5

8.5

8.0

75

g

5 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
S
w o
o =+
= o
o
©
=
12a & ©
I
=+ o
(CDCl3, 100 MHz) . 3 & .
g o - ]
g i = g
- [ 2 o z
@ @ 2 @
8 =1 z P~ o
o o 1 |5 (=] b=
¢ 2 e o
w [ L]
8 L
¥ P i s
 Eaaad LA E A Al At R L L B L
137 136 135 134 133 132 13 130 129 128 127 126
L L L " ' " L L .nx L " L
ot oo st st b i bt St Sl At bttt Lo i sttt
208 200 182 1

a4

176

168

160

152 144 136 128

112
Chemical Shift (ppm})

150

43

40



= m
- o oo
g L w o
- w |

~oB19 g

RN

12b

gls
= &=
(CDCl,, 400 MHz)
1.01 1.00 113215 118
= =
D I o o L L o e e L R B o o e o o o e T L R o o o o o e e B RN R a i o a s e a s s e e
10.0 9.5 X 8.5 8.0 75 7.0 6.5 5.0 55 5. 45 4.0 35 3.0 25 20 1.5 1.0 0.5
Chemical Shift (ppm)
O @
=1
\ o
L ]
o
8 z .
=) & o L
g 7 E o
12b T
(CDCl3, 100 MHz) | i} 3 g 3 5
a o —_ o w
o | S = o al @
88 H g 5 & T == -
2] 5 5 i < “g
= [l = ",\_"l\um
83 8, g
. . N ‘ z8 | = ~
o " o = —!
o™
L
o~
"
aaas aanan: T AL e A LRER LA e T T RaRIaL R T
224 218 208 200 192 184 176 168 160 152 144 136 128 120 M2 104 95 88 80 72 54 56 43 40 32 16 8

Chemical Shift (ppm})

151



= e
0=
T
=
‘-L'g’. [r] =
| o
-

(@)

4
w
7.25

12¢ h
(CDCl3, 400 MHz) l

LY
S

o

i
1.011.08 1.07223 111
=4 e -

L L e L L L B L L L B L R
I I K, I3

=

52 1.0 1.02 1

A3 0
=] = =) =]

[X]

=]

5.0 4.
Chemical Shift (ppm)

in

6.5

126.54

CF3

126.54

O\

12c 2
tl:'\jl

(CDCl3, 100 MHz) . _
o o ]
2 og @o o
a fx Sy Folm | ©
8 g < o Lk e
ki g 2 2 o |29 T
. i sl : A VI —!
g 53 8l © @
es B 5 RER
H J MJ\ 3 | sl
2 @
T T T PP T e e P = a
140 138 138 134 132 130 128 126 ‘l_ \‘—
| . . . N
e e i

224 216 208 200 182 184 178 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56
Chemical Shift (ppm)

152



232

SN

w
12d -
g7 =
(CDCl,, 400 MHz) R
0 b w o o
&1 [~ — = o - w = oy =
T 27 EE5g IigBozgicoy °5883g0cR i
Lﬁl L—JH_J Lﬁ).-_n_m g k= e - |
2 i
[ -
200136 0.83 0.84 0.3 0.840 38

=] =) =) H -
L o e o L e e o B NI B e e e AR R EE R n s e R S S R

5.5 5.0 35 8.0 75 7.0 65 6.0 55 5.0 45 40 35 30 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm)

O«
&
12d 7
(CDCl3, 100 MHz)
g g g - ko 8
7 : i ;
| 1 (O

224 218 208 200 192 184 176 168 160 152 144 136 128 120 Mz 104 95 88 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

153



0] 8
N\ o s
g 1ds
12e A 8% o5 23
(CDCl3, 400 MHz) N T s =k
o el o
4
1.01 1.02 .00 1.001.04 1.312.“11 1.10 -

= = = d =

10.0 95 5.0 8.5 2.0 75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0
Chemical Shift (ppm)

[
[

w
@ =
e O
g g =@
g &
51 |1
(@] & & o
N & B P
o~
12 g 2 8
e g 8 5 o a
T - w0 1
(CDCls, 100 MHz) | ; g8 2 . g
g & 7 g 2
) |583 o
@ W ttﬁ
L e 8
oo 2
¥ P ot |y g| |
13'1 11%!] ! 12'9 ! 12'8 12'7 z
[
N N , 4 . imm—i————
y i N fririy y " " . " PRI e "

224 218 208 200 182 184 176 168 160 152 144 136 128 120 112 104 56 43 40 32
Chemical Shift (ppm)

154



339

12f 7 g8% 8B 1
(CDCl3, 400 MHz) 3z sl 2
Lo

I
1

]

.0 1.05

H =)

I B o o e R R R R s a e T T T
g [

10.0 95 9.0 8.5 2.0 75 7.0 6.5 6.0 55 5.0 45 0 35 3.0 25 0
Chemical Shift (ppm})

1

=

n
L=

12627
124.22
32M

126.64
12362
12062
G816
38.07

o
[
O =
[

12f
(CDCl3, 100 MHz)

—150.38
— 14454

™-14318

224 218 208 200 192 184 176 168 160 152 144 136 128 120 Mz 104 95 83 80 72 54 56 43 40 32 24 16 8 0
Chemical Shift (ppm)

155



APPENDIX 1ll: NMR STUDIES

NMR 1:
16 uL of HBF4 OEt2 in 0.6 mL of CD3CN was transferred to a NMR tube and the following spectra were acquired immediately.
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NMR 2:
14.0 mg of 4-methylbenzhydryl alcohol in 0.6 mL of CD3CN was transferred to a NMR tube and the following spectra were

acquired immediately.
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NMR 3:
14.7 mg of potassium phenylacetylenetrifluoroborate 1a in 0.6 mL of CD3CN was transferred to a NMR tube and the following

spectra were acquired immediately.
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NMR 4:
In a NMR tube containing 14.7 mg of potassium phenylacetylenetrifluoroborate 1a (1.0 equiv.) and 0.6 mL of CD3CN, 16 pL of

HBF4 OEt; (1.6 equiv.) was added. The NMR tube was gently mixed and the following spectra were acquired immediately.
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NMR 5:
In a NMR tube containing 14.0 mg of 4-methylbenzhydryl alcohol (1.0 equiv.) and 0.6 mL of CD3CN, 16 uL of HBF4 OEt> (1.6

equiv.) was added. The NMR tube was gently mixed and the following spectra were acquired immediately.
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