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SUMMARY
Fluorinated compounds often possess valuable properties, such as increased metabolic stability,
increased lipophilicity, and high oxidative stability. Therefore, chemists are seeking to master

more synthesis methodology to access various fluorinated compounds.

Silver(11) difluoride is a unique fluorinating compound which has a relatively high oxidizing
ability. It enables some difficult fluorinations on certain systems, such as benzene, pyridine, etc.
However, due to its high reactivity, its chemoselectivity is low. Part of our research goal is to

control the reaction condition so that the selectivity could be enhanced.

Gratifyingly, three different substrate categories were discovered to perform in a synthetically
useful manner by our group. Cyclopropanols were fragmented to B-fluoroketones, alkyl tertiary
bromides were transformed to alkyl tertiary fluorides, and benzofurans were converted to 2,3-
difluoro-2,3-dihydrobenzofurans. In all the three cases, cryogenic conditions were applied in
order to avoid side reactions. Synthetic applications were made to demonstrate the fluorinated

products could participate in different synthetic routes.

Xvii



Chapter I. General Fluorination Introduction

1. Introduction of Fluorine

Fluorine can bring many valuable properties to a molecule. For instance, fluorine can
modulate the pKa value of protons proximal to fluorine and increase membrane permeability at a
physiological pH value.*? Improved lipophilicity could be found in fluorinated arenes compared
to their nonfluorinated counterparts,?® which can be advantageous in drug development.
Fluorine is regarded as an isostere for hydrogen in medicinal chemistry, for the van der Waals
radii of fluorine and hydrogen are close (1.47 A for fluorine and 1.20 A for hydrogen),” and
organism could, in many cases, recognize and accept fluorinated counterparts.® With all these

features, fluorine chemistry has attracted significant interest.

As the most electronegative element, fluorine has a very strong Coulombic attraction
with carbon through the polarized covalent bond.>° The polarization leads to considerable
interaction of the C—F fragment with hydrogen bond donors,'® other fluorinated compounds,
17-20 nolar functional groups such as carbonyl groups,?-?® and hydrophobic moieties.?¢-2
Likewise, this attraction also has a high opportunity to result in higher binding affinity to
proteins.?126: 2242 Unfortunately, this phenomenon is not universally applied in all the
fluorinated compounds and could only be determined experimentally since fluorine atom is not
always the dominating factor influencing binding affinity. Most fluorinated compounds,
although not all, also exhibit increased metabolic stability by occupying potentially oxidizable

sites to avoid further oxidation.*3



Low polarity
High thermal stability Weak intermolecular interactions
High oxidative stability Small surface tension
Weatherability Small refractive indices
High C-F bond strength Perfluorocarbons (PFCs)

Lo Isoelectronic
Mimicking enzyme

substrates Fluorine effects —— > effects to
O and OH
Blocking effect in metabolic transformations Increased lipophilicity

to enhance bioavailability

Figure 1. Fluorine Effects*

Most electrophilic fluorination reagents are synthesized with fluorine gas, the strongest
known elemental oxidant. Due to the high reactivity and high toxicity of the highly oxidizing
fluorinating reagents such as fluorine gas, hypofluorites,*® and perchloryl fluoride,*’*8
electrophilic fluorination reactions employing these reagents are difficult to perform, and special
caution and laboratory equipment are required. Xenon difluoride, XeF2 was discovered in 1962
49 and has been applied in fluorination reactions to solve partially this problem.* It is more
stable than the fluorinating reagents mentioned above, however, its high reactivity often provides
minimal selectivity, thus limiting its use. The development of crystalline, benchtop-stable
fluorinating reagents such as N-fluorobis(phenyl)sulfonimide (NFSI)*! and related analogues,®>’
N-fluoropyridinium salts,%®-% and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo-[2.2.2]octane

bis(tetrafluoroborate) (SelectFluor®, F-TEDA-BF4)% enables selective, functional group-tolerant



fluorination methods. Although N-fluoro reagents perform formally as a source of fluoronium

cations (“F*”), the N—F bonds are polarized toward fluorine, with a partial negative charge on

Cles O O s
oS | o In%

7SN ~
0 ']l 0 'f@@ ||: ) F
F F OTf oTf
2 BF,
NFSI N-fluoropyridium salts SelectFluor®
-0.78 V -0.73V -0.47V -0.04V

| %

Increasing reduction potential
Figure 2. Reduction Potential of Common Fluorinating Reagents

fluorine. Since the o*n-r Orbitals are sterically inaccessible on the nitrogen atom for nucleophilic
attack, the fluorine is instead attacked in an Sn2 fashion so that the fluorine transfer could be

accomplished.

With a huge selection of fluorinating reagents, fluorine chemists were not satisfied with
stoichiometric fluorination reactions. sp? C—F bond formation research was giving fruitful
results due to the readiness of oxidative addition on aryls. Sanford was one of the pioneers in the
field of transition metal-catalyzed fluorination.’” She described the first example of a Pd-
catalyzed method for the formation of aromatic and benzylic C—F bonds in 2006 (Scheme 1).
Taking advantage of nitrogen atom’s directing ability, palladium was able to oxidatively add to a
benzylic position or aromatic ring with high selectivity. SelectFluor®was chosen as the

fluorinating reagent in this method and afforded the fluorinated compounds in 33—75%.



7-10 mol% Pd(OAc),

R
AN 1.5-2 equiv SelectFluor®
® -
N Benzene, microwave, 100-110 °C P
1-4 h N
49-57%
10 mol% Pd(OAc),
- 2.5-4.5 equiv SelectFluor® /
\ / ' \ N R
N R Benzene, microwave, 150 °C .
1.5-2 h
33-75%
Scheme 1

Buchwald also reported a C—F bond formation method by catalytic triflate replacement
with fluoride (Scheme 2).%8 [LPd(11)Ar(F)] complexes were described, where L is a biaryl
monophosphine ligand and Ar is an aryl group, to undergo reductive elimination leading to Ar—F
bond. A catalytic amount of the complex could convert aryl bromides and aryl triflates into the

fluorinated arenes in excellent efficiency by using simple alkali metal fluoride salts.



6 mol% tBuBrettPhos

x0T 2 mol% [(cinnamyl)PdCl], F
R + CsF » R
o4 toluene, 80-130 °C, 12 h
OMe 57-84%

MeO PtBu,

tBuBrettPhos = iPr l iPr

iPr
Scheme 2
It’s noteworthy that not only both electron-rich and -deficient aryls, but also a variety of
heterocyclic substrates such as flavones, indoles, and quinolines, could be converted to

fluorinated compounds.

Fluorination could be applied on different chemical environments and every type is
potentially useful. In the following text, sp® carbon fluorination is primarily discussed. To
summarize, electrophilic, nucleophilic, and radical approaches are the three major classes of sp®

fluorination methods that will be highlighted.

2. Electrophilic Fluorination for the Synthesis of Fluorinated sp* Carbon Centers

The a-fluorination of carbonyl, a’-ketocarbonyl, and related carbonyl derivatives with
oxidizing fluorinating reagents including gaseous fluorine,%°-7° alkyl hypofluorite,*® perchloryl
fluoride,”"* fluoroxysulfate,” and XeF,'® usually show poor selectivity towards o-

monofluorinated products since they frequently produce undesired a,a-difluorinated products as



well.” ™ Therefore, more selective and functional group tolerant electrophilic fluorinating
reagents such as N-fluoropyridinium salts, NFSI, and SelectFluor® have been instead used for the
selective a-monofluorination of carbonyl derivatives, > 616465 72. 7779 The agsymmetric a-
fluorination of carbonyl substrates was developed first with chiral electrophilic fluorinating
reagents.>®>" 80 Chiral catalysts which generate chiral enolate intermediates were found to be

useful in similar transformations later.

Thanks to dicarbonyl compounds’ two binding sites, they can chelate with chiral Lewis
acid complexes. Additionally, considering their activated methylene or methine, dicarbonyl
compounds are privileged to perform excellently in extensive enantioselective fluorination
studies. The asymmetric fluorination of B-keto esters was achieved with titanium—TADDOLato-
based catalysts by Togni and co-workers (Scheme 3),28 Cu(I)-box complexes by Ma and
Cahard (Scheme 4),%6 Ni(IT)~box complexes by Shibata, Toru, and co-workers (Scheme 5 and 6),

87 chiral bis(imino)bis(phosphine)- ruthenium(11) complex by Togni and co-workers
O o o

(o)
5 mol% [Ti]
R1JKKU\OR2 > R1MOR2

Selectfluor, 23 ° R3F

Scheme 3



O O 1 mol% [Cul*, 1.5 equiv NFSI O o

2 1 iv HOCH(CF 2
R1J‘\(U\0’R equiv (CF3), > R1JI>(U\O/R
Et,0, 0.5-96 h, 20 °C

R3 F R3
R! = alkyl, Ar . 80-95%
R? = tBu, Bn [Cul* = 0\94(0 62-90% ee
R3 = alkyl </l \
\ N\C _N
N u
ph TfO~ ~oTf Ph
Scheme 4
R? 10 mol% Ni(Cl0,),*6H,0 R?
RN 11 mol% L*, 1.2 equiv NFSI AN
R o > R o
Z N 4 A MS, DCM, 23 °C Z N
Boc Boc

Scheme 5



o O 1 mol% Ni(Cl0,),- 6H,0) O o
J R?2 11 mol% L*, 1.2 equiv NFSI R?
R X’ > R X~
4 AMS, CH,Cl,, 23 °C
R3 F R®
s 71-93%
= O O 83-99% ee
o
o 0
S
Ph Ph
Scheme 6

(Scheme 7),8-%9 and scandium binapthylphosphate complexes by Inanaga and co-workers
(Scheme 8).%° The Ni-catalyzed reaction with 10 mol% catalyst is the method with the broadest
substrate scope so far, which allows the a-fluorination of a variety of -keto esters and N-Boc-

protected amides in 71-93% vyield and 83-99% ee, respectively.

o o 2-10 mol% [Ru]* O o
) .
y uo’R 2 equiv (E0)PFg R1u0’R2
1.08 equiv NFSI 3','
3 R®F
R CH,Cl,, 23 °C
R' = alkyl, Ar . 34-96%
R? = Et, tBu, Bn, [Rul”= 8-93% ee
Ar /
R®= Me, Bn _N Cl N—
N/
Ru\
P’ &I P
Ph," Ph,

Scheme 7



(o) lo) 10 mol%[Sc] 0 o

1.2 equiv NFPY-OTf
R OR? toluene >R 2 "OR?

-

R3 room temperature R®F

F

F e

F (o)
F \P</o °Sc
F / o

F 9¢ o

F
F 3

Scheme 8

Sodeoka and co-workers used chiral PA-BINAP complexes to catalyze the
enantioselective fluorination of a-keto esters,® B-keto esters,%2-% B-keto phosphonates,®**°
oxindoles,®® and a-ester lactones/lactams (Scheme 9).%” Chiral palladium complexes were
especially efficient for the a-fluorination of acyclic a-keto esters, cyclic and acyclic tert-butyl -

keto ester as well as oxindoles a-substituted with a wide range of aryl and alkyl groups.9t-%3 9
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a) 2.5 mol% [Pd] OH

/\)‘\ 1.5 equiv NFSI___ /\)\
R CO,tBu b) concentrate R CO,tBu

c) DIBAL-H, -78 °C

Mun

2.5 mol% [Pd]

o o] 0 o
1.5 equiv NFSI, EtOH
R1 OtBu >R1u0t8u
R2 -20 —» 20 °C R2 E
R’ 2.5 mol% [Pd] R
1.5 equiv NFSI /
2 N ° 2-propanol (o)
R Boc 0 °C or room temperature  R2 Eoc
I
P.® 0 ®,P
< Pd] Pd > | XN O
i ? i Z P(Ar)
H 2X- 2

P(Ar)Z
X =0Tfor BF, OO

Ar = 3,5-dimethylphenyl or
3,5-di(tBu)-4-methoxyphenyl

Scheme 9

In addition to transition metals, organic compounds have been applied to mediate
electrophilic fluorination. Cinchona alkaloids have been used to enantioselectively fluorinate
nucleophiles in the presence of an achiral fluorinating reagent. The enantioselective fluorination

of the activated methine groups in was accomplished by Takeuchi and co-workers, by using
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stoichiometric amounts of cinchona alkaloid derivatives such as the cinchona alkaloid shown in

Scheme 10.%

SelectFluor®/alkaloid

EWG! _EWG? MeCNICHCl, EWG] , EWG?
R ~80 °C R F
80-92%
76-87% ee
H
Et
alkaloid =

MeO

Scheme 10

Enantioselective a-fluorination mediated by cinchona alkaloids have also been used in
systems like silylenol ethers, a,0-cyanoester C—H acids, p-keto esters, and oxindoles.®® The
method was applied to the synthesis of BMS-204352 (Scheme 11),1% a potassium channel
opener, which has also been synthesized by utilizing chiral scandium Lewis acid catalysts.%
The enantioselective a-fluorination of 3-keto esters can be accomplished by using cinchona
alkaloid-derived thiourea catalysts (Scheme 12).1%2 Despite the reduced substrate scope currently

tolerated in enantioselective fluorinations with cinchona alkaloids when compared



N=
N || HE
N
H=7,
O O H

I Cl
MeO
Et H
Ccogo e, 0
H
NH
Bt Fyc

overnight, —-80 °C

12

o8
> MeO

Scheme 11

1.1 equiv NFSI

10 mol% catalyst

MeCN/CH,Cl, (3:4)

1.0 equiv DMAP
MeOH
-60 °C

>

catalyst = OO

F
o

NH
Fs;C

BMS-204352

R? F

41-96%
0 > 99% ee

Scheme 12



13
to the Lewis acid catalyzed fluorinations of 3-keto esters and oxindoles, substrates with only one
coordinating site can undergo the reaction smoothly and this area draws more and more attention.

Catalytic organocatalyzed fluorination is also being explored. By acting as chiral
fluorinating reagents or through reaction with the substrate, organocatalysts can generate chiral
nucleophiles.’® The organocatalytic a-fluorination of aldehydes was accomplished
enantioselectively by Enders,'® MacMillan (Scheme 13),1% Jergensen (Scheme 14),1% and
Barbas (Scheme 15).1%7 Similarly, enamine catalysis can achieve the enantioselective o-

fluorination of ketones.!%®® The method for the a-fluorination of aldehydes described by

1. 20 mol% catalyst, 5 equiv NFSI

o THF/iPrOH (9:1), 10-12 h, 0 °C R
I - Y
R
H 2. NaBH4, CH2C|2

F

(0] 55-95%

N o) 91-99% ee
catalyst = N

O
J @ 0~ “CHcl
"“‘}‘NHZ Ph 2

Scheme 13
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1. 1 mol% catalyst, 1 equiv NFSI

o) MTBE, 2-28 h, 23 °C R
H

2. NaBH,4, MeOH, 23 °C F
1.52 equiv F3C 55-95%
91-97% ee
catalyst = Q
CF;
N OTMS
.
F;C
Scheme 14

MacMuillan and co-workers presented a broad substrate scope, while Jergensen and co-workers
reported a method using even lower loadings of catalyst and electrophilic fluorinating reagent.
Although a-branched aldehydes are difficult substrates for enantioselective a-fluorination,
Barbas and co-workers reported a method affording 98-99% yield and 45-66% ee for this class
of substrates. The fluorinated aldehyde products are especially useful for the synthesis of
enantiopure B-fluoroamines (Scheme 16),%° which can arise from a chiral sulfinylimine

condensation and directed reduction sequence of the enantioenriched fluorinated aldehyde.



o) 30 mol% to 1 equiv catalyst 0 R’
R2 1.2 equiv NFSI | _R?
H - H
DMF or THF, 2-24 h
R X F
. 4-23°C 55-95%
1.52 equiv
91-97% ee
O~__OH OTIPS o
catalyst = N~ H N Jg_/ph
\N N
N \ 7
NH NH H N—N ““'}\N
H
Scheme 15

1. 20 mol% organocatalyst

. NH,
fo} 5 equiv NFSI LS5 1.RM R
R1\)l\ - 1 ° ®
’ 2. R1\)I\ 2. HCI
HzN\S : H 1,4-dioxane F
1] '-:
(0]
(0]
~N
organocatalyst = N
=N Ph
}\H

Scheme 16
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The combination of a palladium catalyst, a chiral nucleophile, and an alkali metal has
demonstrated its success in the enantioselective a-fluorination of acid chlorides reported by the
Lectka research group (Scheme 17).119-11 The cinchona alkaloid-based nucleophile reacts with

the acid chloride to generate a chiral zwitterion BQd amide enolate intermediate. The palladium
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10 mol% BQd, 10 mol% LiCIO,
0]

5 mol% trans-[(PPh3),PdCl,]
cl R Jl\l/R
HN
I

1.1 equiv iPrNEt,, 1 equiv NFSI

THF, 8 h, -78 °C, then ArNH, Ar F
40-83%
H >99% ee and de
BQd = /
N
BzO,
H k4
H
MeO
© AN
=
N
Scheme 17

catalysts then coordinate with the enolate oxygen atom to generate a chiral enolate for
fluorination based on DFT calculation. The authors hypothesized that the lithium cation
activated NFSI for nucleophilic attack by the chiral enolate through chelation of the sulfonyl

oxygen atoms.

3. Nucleophilic Fluorination for the Synthesis of Fluorinated sp* Carbon Centers

The challenge of nucleophilic fluorination is primarily attributable to the high
electronegativity of fluorine, which contributes to the high kinetic barriers in forming
carbon—fluorine bonds, despite the thermodynamic driving force of forming the strong C—F bond.
Moreover, the tendency of fluoride to form strong hydrogen bonds can decreases its

nucleophilicity. Although nucleophilicity of fluoride could be tuned with strict exclusion of
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potential hydrogen-bond donors, the condition increases its basicity, which often leads to

undesired side reactions.

The use of alkali metal fluoride salts is ideal due to their low cost, especially compared to
electrophilic fluorinating reagents, as well as their stability under ambient condition.**? The
strong lattice energy of these salts results in their low nucleophilicity and poor solubility in
organic solvents. Crown ethers such as 18-crown-6 can be used to improve the solubility of
alkali fluoride salts, which often leads to an increase in the reactivity.*31*4 Aprotic solvents,
especially polar aprotic solvents, are often favored for nucleophilic fluorination reactions since
the nucleophilicity of fluoride anions would not influenced by hydrogen-bonding interactions to
a significant extent, whereas the associated increase in the fluoride’s basicity can result in
elimination by-products.!*® 1% Tertiary alcohols such as tert-butanol have been proven to
maintain the nucleophilicity of the fluoride while decreasing its basicity, thereby reducing the
formation of undesired byproducts.*6-11" Tetrabutylammonium difluorotriphenylsilicate (TBAT),
tetramethylammonium fluoride (TMAF), and tetrabutylammonium fluoride (TBAF) are some

popular soluble fluoride sources.

Bertrand and co-worker reported a cyclic adduct synthesized by the activation of the para
C-F bond of pentafluoropyridine by an ethynyl dithiocarbamate (Scheme 18).1® The cyclic

adduct is a reactive nucleophile to transfer fluoride to halides and pseudo-halides.
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[Oj
o
+ R-—X + R—F
11 examples
54-95%
X =Cl, Br, |, OMs, OTs
R = alkyl, benzyl, aryl, acyl
Ar = 2,4,6-(i-Pr);-CgH,
Scheme 18

A new copper(l) bifluoride complex incorporating a neocuproine ligand was described by
Huang, Weng, and co-workers to react with pimary and secondary alkyl bromides in 2013
(Scheme 19).11° This method showed a great tolerance with various functional groups, such as

ethers, thioethers, amides, nitriles, alcohols, ketones, esters, and heterocycles.

R2 R1
CH4CN, 110 °C

R1

R', R? = H, alkyl, aryl 40-90%

Scheme 19

Later in 2014, with the message that copper complex could be useful in fluorination

reactions, Lalic and co-workers developed chemoselective catalytic fluorination of alkyl triflates
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(Scheme 20).12° With 10 mol % of (IPr)CuOTf, full conversion could be obtained in less than 10
min at 45 <C. This fluorination reaction has a broad scope with various functional groups,

including alkyl tosylates and alkyl bromides.

2 mol% (IPr)CuOTf

3 equiv KF
A < A

R? 1,4-dioxane, 45 °C R’

[\

IPr =
r Ar’N\/N\Ar

Ar = 2,6-(iPr)2-C6H3

Scheme 20

Fluorodeoxygenation of carbon centers usually requires special fluorinating reagents that
can accomplish oxygen activation/deoxygenation and in the meantime, provide a fluoride source.
Various aryl and aminosulfur trifluorides and derivatives'?:1?° as well as 2,2-
difluoroimidazoline-type reagents***3! are employed in fluorodeoxygenation reactions. Several
hydrogen fluoride-based reagents have been developed to facilitate the replacement of sulfur

with fluoride in fluorodesulfurization reactions.*313
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tBu
LN MeO\/\N/\/OMe
|
|
SF; SFs
SF;
DAST Deoxo-Fluor Fluolead

F
F N( F ( '!l
CI& ~ F3c)§<N\/ F)»< ~
F F F F

F F
Yarovenko's reagent Ishikawa's reagent TFEDMA
(o)
Et N Et
ﬁ) ® N | = N
i Sap ND “Et “Et
SF, 4 Il_"BF,
SF, F F F F
XtalFluor-E  XtalFluor-M DFMBA DFBA

Figure 3. Common Deoxofluorinating Reagents

Nucleophilic fluorination at primary sp® carbon centers is well-established with
appropriate selection of the fluoride source, leaving group, and solvent.'# 139143 Nycleophilic
fluorination at a secondary or tertiary sp® carbon center is inherently more difficult, so general

functional group tolerant method is still very challenging.

Carbonyl compounds were first converted into geminal difluoromethylene derivatives
with sulfur tetrafluoride.}*#4> Chemistry of less volatile reagents such as aryl and aminosulfur
trifluorides was studied to avoid the toxicity of volatile sulfur tetrafluoride.?12°
Diethylaminosulfur trifluoride (DAST)!?° is one of the most famous reagents to fluorinate

oxygenated (carbonyl, hydroxy) or sulfur-containing (thiocarbonyl, sulfide) substrates,2¢ 146-160
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Nucleophilic attack of the alcohol substrate on the sulfur atom of DAST is proposed to form an
alkoxyaminodifluorosulfane intermediate which is ready for Sn2 attack by fluoride.!®® In some
cases, however, products in accordance to Sn1 mechanism were also discovered in DAST-
mediated reactions.>* DAST, in addition, suffers from moisture sensitivity as well as a tendency

to explode upon heating.?*

There are many other options for deoxyfluorination and dethiofluorination other than
DAST: pyridinium poly(hydrogen fluoride) (Olah’s reagent),3> 137138 pitrosonium
tetrafluoroborate/pyridinium poly(hydrogen fluoride),**® triethylamine tris(hydrogen fluoride)
(TREAT HF),3* perfluoro-1-butanesulfonyl fluoride (PBSF),%%? sulfonyl fluoride/TREAT HF
mixture (Scheme 21),'%3 Yarovenko’s reagent (Figure 3),'%* Ishikawa’s reagent (Figure 3),1%°

TFEDMA (Figure 3),%% N,N’-dimethyl-2,2,-difluroimidazolidine,*3! 4-morpholinosulfur

o_ .0

. N2 NEt
2 equiv . 3
OH T cFe” " 0H 7 or iPrNEt, F
>
1’|\ 3 1'|\ 3
RT g2 R NEts+3HF or iPrNEt,s3HF R g2l

THF or MeCN, 6-26 h, 20-50 °C
65-96%

Scheme 21
trifluoride,*?> 17 Deoxo-Fluor,'2* 168-176 promine trifluoride,’’8 and 4-tert-butyl-2,6-
dimethylphenylsulfur trifluoride.'® Deoxo-Fluor is currently the most popular reagent for
fluorination reactions and is considered a safer, more thermally stable alternative to DAST, but is

moisture sensitive and prone to decomposition to generate toxic HF as well. Similarly, Olah’s
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reagent is corrosive and toxic due to the presence of HF. TREAT HF is considered to be a less

hazardous alternative and is mild enough to be used in borosilicate glassware.

The development of the non-explosive, crystalline, less moisture-sensitive
deoxyfluorinating reagent XtalFluor-E (diethylaminodifluorosulfinium tetrafluoroborate)'® and
related reagents® has resulted in fluorodeoxygenation with higher efficiency. Unlike DAST or
Deoxo-Fluor, the fluorination with XtalFluor-type reagents requires the addition of an amine
hydrogen fluoride such as triethylamine tris(hydrogen fluorine) as a fluoride source since the
fluoride does not release after the addition of an alcohol to XtalFluor due to the fully protonated
diethylamino group. Instead of adding an external fluoride source, deprotonation with DBU can

also release the fluoride.

4. Radical Fluorination for the Synthesis of Fluorinated sp* Carbon Centers

The history of transition metal-catalyzed oxidative fluorination of aliphatic C—H bonds
using fluoride starts late when in 2012 it was first reported by Sanford and co-workers (Scheme
22).187 1n presence of a hypervalent iodine oxidant and silver fluoride, the oxidative fluorination
of functionalized 8-methylquinolinyl substrates was catalyzed by Pd(OAc).. High-valent
palladium fluoride intermediates are postulated to occur tin this transformation which is also
enabled by the strategic concurrent use of PhI(OPiv)2 and AgF. The oxidative C—H fluorination

of aliphatic substrates with a Mn(l11) porphyrin catalyst in the presence of silver fluoride and
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X X
10 mol% Pd(OAc),
N 2 equiv PhI(OPiv), ~
N/ Y 5 equiv AgF N/ Y
2 equiv MgSO,
H CH,CIl,, 16 h, 60 °C F

X=HorBr 30-70%
Y =H, NO,, CN

CO,Me, F, Br,

I, OMe, Me, Ph

Scheme 22

iodosylbenzene was later discovered by Groves and co-workers (Scheme 23).18 The authors
proposed an initial radical C—H bond cleavage by the Mn(V)-0xo intermediate, which results
from oxidation of the Mn(l11) catalyst with PhlO. Radical recombination occurs between the
substrate and a Mn(1V)-difluoride complex generated from AgF and a Mn(IV)—hydroxide
complex. It is remarkable that the rate of the fluoride/hydroxide ligand exchange at the
manganese center exceeded that of the reaction between the alkyl radical and the Mn(IV)
complex. The authors found that F atom transfer from Mn(THP)F. to a cyclohexyl radical in the
equatorial configuration was calculated to occur with a surprisingly low activation barrier of 3
kcal/mol, similar to the barrier for reversed hydroxylation reaction catalyzed by oxomanganese
porphyrins. The reaction barrier for the F atom transfer in an axial configuration is slightly
higher (4.2 kcal/mol). Furthermore, the F transfer barrier was ~3 kcal/mol lower for the trans-
difluoro Mn(1V) species than for the hydroxy-fluoride counterpart, implying a much faster
reaction for the difluoride. The transition state is calculated to be very early in the reaction

trajectory, consistent with the low F transfer barrier. Therefore, an excellent selectivity was
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achieved for the fluorination over hydroxylation.

6-8 mol% [Mn(TMP)CI]
3 equiv AgF, 0.3 equiv TBAF+3H,0

R,H > R,F
6-8 equiv PhlO, MeCN/CH,Cl, (3:1)

6-8 h, 50 °C 32-55%
Mes (0]
F _{
U F o

Mes Mes 49% 42%

a/fp=3.1

Mes

[Mn(TMP)CI] F

OAc

57% 44%

Scheme 23

Because of the advantage of the weak N—F bonds (N-fluorosultam bond dissociation

energy is 2.84 eV),18 a variety of tert-butyl alkylperoxoates afforded the corresponding alkyl

o)
)I\ o 5 equiv NFSI E
-,
R” ~07 MBu Benzene, 4 min—16 h, 110 °C R
R = CH,OPh,
(CH2),CH,Ph, 24-98%
CHPhMe

Scheme 24
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fluorides upon treatment with NFSI under either photolysis or thermolysis conditions (Scheme
24).1% The formation of primary alkyl fluorides was not efficient in accordance with the

hypothetical radical mechanism.

Therefore, Lectka and co-workers utilized copper catalysis to facilitate the radical
monofluorination of C(sp®) —H bonds (Scheme 25).191%2 Their method was applied to various
substrates, affording the desired products in moderate yields. Their catalytic system involves the

use of SelectFluor®, the radical precursor N-hydroxyphthalimide (NHPI), an anionic phase-

SelectFluor®

[Cu]/NHPI
H KB(CgFs)4 F
y
1’|\ 3 1’|\ 3
R RZR CH3CN, reflux R R2R
0]
N N
Cul = /T w T\ NHPI = N—OH
[cu] Ph Cu Ph
I
(o)
Scheme 25

transfer catalyst (KB(CeFs)4) and a Cu(l) bis(imine) complex. An observed rearrangement of a
radical clock experiment gave preliminary evidence that a radical chain mechanism initiated by

an SET from Cu(l) to SelectFluor® was involved.

Vanadium(I11) oxide was reported to catalyze C(sp®) —H fluorination by Chen and co-

workers (Scheme 26).1% This simple method allowed the fluorination of a wide range of
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substrates in good yields. Despite of the low cost of vanadium catalyst, the method does not
differentiate secondary and tertiary reaction center, which might cause potential problem where

complex system is involved.

10 mol% V,0;

H F
; ®
/I\ 1.5 equiv SelectFluor - 4\
R R® CH,4CN, 23 °C R, R
R 3CN, R?
R', R?, R3 = H, alkyl I 0
» R, , alkyl, ary 12-85%
F
F
F
4\/C02Me
OH
85% 74% 73%
Scheme 26

A metal-free fluorination of sp® carbon center was described in 2013 by Inoue and co-

workers (Scheme 27).1%* N,N-Dihydroxypyromellitimide (NDHPI) was initiating the



H 2.5 mol% NDHPI

/I\ 2 equiv SelectFluor®
1 3
R' g2 R CH;CN, 50 °C

R', R%, R3 = H, alkyl, aryl

o O
HO-—N N—OH
(o] (o]
NDHPI

27

> R1’|\R3

RZ

28-86%

61% 57%

Scheme 27

72%

fluorination by generating a N-oxyl radical to perform hydrogen abstraction at the electron-rich

position.

The reaction is compatible with various functional groups, including benzoyl- and

methanesulfonyl-protected alcohols, carboxylic acids, tertiary alcohols, cyanides, and bromides.

Another metal-free C(sp®) —H fluorination was reported by Lectka and co-workers in 2014. A

substoichiometric amount of triethylborane in the presence of O, was hypothesized to initiate the

radical chain reaction (Scheme 28).1%° This method is convenient and cheap, suffering low to

modest yield in the same time.
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20 mol% BEt;

H F
2.2 equiv SelectFluor®
R1 R3 > R1 R3
R2 CH3CN, 02, 23 °C R2
R1, R?, R® = H, alkyl, aryl 0
y RS, ) yl, ary 28-86%
F
(o)
Ph
50% F
F (o]
(o)
28%
38%
Scheme 28

Excitation of electrons by light to form radicals facilitates photocatalysis studies in
fluorination reactions. Lectka and co-workers discovered a fluorination method with the use of
ultraviolet light and 1,2,4,5- tetracyanobenzene (TCB) as photosensitizer in 2014 (Scheme
29).1% Both simple hydrocarbons and complex natural products could be fluorinated in this
Study. In the same year, the fluorination of unactivated C—H bonds, reported by the Britton
group, was accomplished by a decatungstate catalyst (TBADT, tetrabutylammonium salt of

decatungstate) with good hydrogen-abstracting ability, in combination with NFSI (Scheme
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10 mol% TCB

H F
/I\ 2.2 equiv SelectFluor® 4\
R I R3 > RV I R3
R2 CH3CN, 23 °C R2
hv
R', R% R3 = H, alkyl 45-77%
NC CN
TCB
F
CijF
64% 58% 57%
Scheme 29

30).297 The scope of this method was also broad, which includes simple alkyl fluorides, natural
products, and fluorinated amino acid derivatives. A photocatalytic fluorination of inactivated
C(sp® )—H bonds was also described by Tan and co-workers (Scheme 31).1*® Their method
suggested an energy transfer with anthraquinone(AQN) as a photocatalyst induced cationic N-
radicals from SelectFluor®. The reaction is scalable (25 mmol), and a variety of functional

groups are tolerated.



2 mol% TBADT
10 mol% NaHCO;

1.5 equiv NFSI - /I\
RV I R3
CH3CN, 23 °C R2

hv

13-58%

F
)</C02Et

45%

-n

C02M9

NH,CI

S
N
S

56% 58%, a/p = 4:1

Scheme 30

30
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H 2 mol% AQN F
1.5 equiv SelectFluor®
RTI>R3 > R IRS
R2 CH3CN, 23 °C R2
hv
R1, R?, R3 = H, alkyl
» R%, , alky 34-68%
(o)
(o)
AQN
(o)
o) F o) F
P OMe
AN N
| ° Y HN_ O
Z F \f
CF;
68% 54% 34%
Scheme 31

Decarboxylative fluorination, first discovered by Patrick and co-workers was recently
reported by Li and co-workers for secondary and tertiary aliphatic carboxylic acids with
SelectFluor® by silver catalysis (Scheme 32).1%° This approach is complementary to traditional
nucleophilic fluorination reactions with DAST-type reagents. The involvement of Ag-mediated
decarboxylation to form an alkyl radical during the reaction was demonstrated, but the detailed
mechanism for the formation of the key C—F bond remains undetermined. Meanwhile,

SelectFluor® is able to fluorinate deprotonated a-aryloxyacetic acids and a-aryloxy-o-
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10 mol% AgNO;

0 2 equiv SelectFluor® F
”
R)I\OH acetone/H,0 (1:1) or H,0 R
10 h, 23-55 °C 40-95%

Scheme 32

fluoroacetic acids under photochemical condition to afford aryl fluoromethyl ethers or aryl

difluoromethy! ethers, respectively.?®
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5. Introduction of AgF:

Silver naturally exists in its +1 oxidation state in compounds, but silver(Il) fluoride is a
rare member of silver(Il) compound family. AgF is a white crystalline powder, but commercial
samples are usually black/brown due to impurities. The F/Ag ratio for most samples is less than
2, typically closed to 1.75 due to contamination with Ag, oxides, and carbon.?®! AgF, can be
synthesized by fluorinating Ag>O, AgF or AgCl with elemental fluorine, while AgF and AgCl
will require heating to 200 °C.2%> As a strong fluorinating agent, AgF» should be stored in Teflon
or a passivated metal container. Like many other silver salts, it is light sensitive at the same

time.

Silver(1I) difluoride’s electrode potential is +1.98V(Ag**+e=Ag")** Compared to some
common oxidizing reagents, this value is lower than that of S,Os*" (with an electrode potential
+2.01 V) and higher than that of Clo (with an electrode potential +1.36V), suggesting the

oxidizing ability of Ag?" is in between S20s* and Cl,.

AgF> oxidizes xenon to xenon difluoride in anhydrous HF solutions.?%*
2 AgF. + Xe — 2 AgF + XeF;

It also oxidizes carbon monoxide to carbonyl fluoride.
2 AgF2+ CO — 2 AgF + COF;

It reacts with water to form oxygen gas.
4 AgF2+4 HO — 2 AgoO + 8 HF + O

With the considerably high oxidizing ability, AgF> could also fluorinate aromatic
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compounds, although selective monofluorinations are difficult. In 1980, Zweig and co-workers

reported their discovery that on treatment of Silver(Il) difluoride, fluorobenzene is obtained in

61% yield from a solution of benzene in n-

hexane (Scheme 33).2%°

/
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/ j
H F—Ag H F E F F
\ -HF AgF,
+ AgF; — /F — —_— —_—
H F—Ag\ H F
F
-HF
F-Ag
|\
H F F
F
F
H F F
l AgF;
F F F
F
(X
F
F F F
Scheme 33

Several other fluorinated compounds including o- and p-difluorobenzenes were also

detected by '°F NMR in the liquid product. Compounds where two or more fluorine atoms have

added to the benzene ring were also found. Table 1 describes the results obtained in experiments

involving reaction of benzene solutions with AgF>. CHC13, CH2Cl13, and CCls were picked as
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solvents initially, but n-hexane afforded higher fluorobenzene yields and was thus more
extensively examined.?> Other aliphatic alkanes such as cyclohexane behaved similarly.
Solvent, reaction temperature, and time influenced the yield and distribution of fluorinated
products as indicated in Table 1. The highest yield of fluorobenzene was 61%, based on AgF»

charged. The benzene/AgF; ratio also affects the fluorobenzene yield. 26% yield of

solvent solvent vol/mL benzene equiv Teperature/°C PhF %yield
CHCI; 25 1 62 19
CHCI; 10 1 62 28
CCl, 25 1 76 36
CCl, 10 0.5 76 24
CH,CI, 30 1 25 44
n-hexane 30 1 69 50
n-hexane 50 1 69 48
n-hexane 40 0.5 55 26
n-hexane 30 34 69 61
n-hexane 30 9.9 69 45
n-hexane 60 6.6 69 61
n-hexane 9.1 1 40 47

68 mmol AgF, was subjected in each reaction.
Yields were calculated based on the amount of AgF,.

Table 1205

fluorobenzene is obtained by using 40 vol % of benzene in n-hexane. 2 equivalence of benzene
gives a 50% yield, while either 5 or 11 equivalences of benzene produces a 61% fluorobenzene

yield.
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Since the three direct products shown in Scheme 34 below are difficult to separate,
people oxidize the reaction mixture with potassium permanganate to obtain diols, which are
robust to make further transformations. O’Hagan in 2012 unprecedentedly employed this route
shown in Scheme 34°% to obtain n-1,2,3,4,5,6-hexafluorocyclohexane, whose chloro-, bromo-

analogues were synthesized by Faraday and Mitscherlich, respectively.

F F
F KM n04 HO,, “F
Ang MgSO4 K *
\} ’,
CHzCIz F | EtoAc HO" “F
F EtOH F
H,0
S0O,Cl,
0 -523°C
- Et;N
EtOAc
F F F
HO,, oF .F
Fu,' “\F Deoxofluor (N Y Et3NO3HFO\ 0",, R
- R SE— S
F“‘ ""F THF F\\ l,,F 120 °C o O“u ""F
F F F
Scheme 34

The low chemo selectivity limits the use of AgF> in organic synthesis. Therefore, few
studies have been carried out on this potentially useful fluorination reagent featuring both

electrophilic nature and strong oxidizing ability at the same time.

Recently, AgF> was discovered to selectively fluorinate pyridine at the ortho position
under mild condition by Hartwig and co-workers (Scheme 35).2°7 The reaction is carried out at
room temperature. A broad range of substituted pyridines were found to give corresponding

ortho substituted pyridines in good yields. Both electron-donating and electron-withdrawing
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groups at each position of the ring are tolerated. Pyridines containing ketones, esters, amides,
acetals, protected alcohols and amines, nitriles, alkyl tosylates, and enolizable carbonyls are good
substrates. Bromide and chloride substituents in the 2-position of the pyridine, which are ready
to undergo nucleophilic displacement, remained intact during the reaction. Carboxylic acids and

aldehydes were transformed to the corresponding acyl fluorides without forming 2-
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Scheme 35

fluoropyridine products. The reactions with pyridines containing functional groups in the 3-
positions preferred to form the 2-fluoro-3-functionalized pyridine products. The fluorination
also proceeded with several pyridines containing more than one substituent to form valuable
trisubstituted fluoropyridines.  Other six-membered nitrogen heterocycles, for example,
quinolines, pyrazines, pyrimidines, and pyridazines, were also demonstrated to afford
monofluorinated products under similar condition. Unlike most of examples, pyrimidines
containing an alkyl, aryl, oxygen, or nitrogen group in the 2-position reacted to form the
corresponding 4-fluoropyrimidines in good yield. However, AgF> reacted with the m-excessive

five-membered aromatic heterocycles to form complex mixtures of products.
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The authors proposed that the fluorination occurred by a mechanism similar to that of the

Chichibabin reaction (Scheme 36).2°7 This mechanism would initiate with coordination of AgF>

Scheme 36

to pyridine, followed by addition of the [Ag]—F bond across the n-system of the pyridine to form
an amido-sliver(Il)—fluoride complex. A second equivalent of AgF, would then abstract a

hydrogen atom from the complex and form two equivalents of AgF and one equivalent of HF.

In 2016, Hartwig group published a facile fluorodecarboxylation induced by AgF, which
transformed difluoro carboxylic acids to corresponding trifluoromethyl functional group
(Scheme 37).2% The reactions occur with either AgF» or a combination of AgF> and AgF under
mild reaction conditions with a broad range of aryl groups. The reactivity of AgF> could be
modulated by an electron-poor pyridine additive, 2,6-difluoropyridine, thus facilitating the
synthesis of products with a broad substrate scope, including aliphatic alkyls, halides, cyanide,
phenoxide, ketones and esters. The addition of AgF increased the yields, presumably, by serving

as a source of ‘F during the early stages of the reaction.
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AgF> can selectively exchange the iodine in 2-iodoalkylquinoline to afford fluoro quinoline
(Scheme 38).2%° Substrates with alkyls, halides, alkoxides on different positions were examined.
Substrates with alkoxides or bulky alkyl center adjacent to the reaction center were affording
products in good yields, while 6-fluoro, 4-chloro, 8-chloro, and 6-bromo were found to be

detrimental to the reaction. Also, if a bulky isopropyl is placed beside the reactive iodine atom,

AN . X
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- R2 —_— ~ R2
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I F
OMe
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N S
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L N
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N7 F N P cl N
F F N F
F
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Br N O N A
~Z N 7 Z
N P N N
F N F F
F
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Scheme 38
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the reaction efficiency decreased significantly. The authors proposed a mechanism in Scheme
392%: the substrate would coordinate with AgF, to produce the pyridine-AgF> complex. Then,
the fluorine in the complex interacts with the carbon attached to iodine atom to form a transition
state of 5-membered cyclic intermediate, affording the corresponding product via halide

exchange.

F
N\ / FzAg"N\ / <AII:9.1-N\ / N\ /
I—j ! A F

Scheme 39

Silver difluoride can oxidize disulfide to form sulfur trifluorides (Scheme 40),2102!!
usually useful difluorination reagents for aldehydes and ketones, and trifluorination reagents for

carboxylic acids.?'?

R  AgF, SF3

Scheme 40

In sum, although difficult to harness, once it’s controlled, AgF> could be a fascinating
fluorinating reagent. In order to obtain an insight to this potentially powerful reagent, this entire

doctoral research was carried out.
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Chapter II. Cyclopropanol to Beta Fluoro Ketone

1. Fluoro Ketone Synthesis

Fluoroketones are extremely valuable building blocks in medicinal and biological
chemistry, and o-fluoroketones can be readily converted into chiral o-fluoroethylamines, o-
fluoroethylhydroxys, and so on. As the o position of carbonyls is electron-deficient and
therefore electronically activated, electrophilic fluorination on this position is relatively robust

and a lot of studies were reported these years.

Generally, electrophilic fluorine sources are applied to install fluorine atom to the o

213-214

position of carbonyls under basic conditions, although electrophilic fluorinating reagents

alone could induce fluorination reaction.?!> Cases of synthetic enolate equivalents, for instance,

216 213-215

acetate” ° and silyl enolates, reacting with electrophilic fluorine sources are also known.
The optimal fluorine source varies depending on individual substrate, and therefore there is not a

universally applicable fluorine source for all the reactions.

The proton of B-keto esters is more acidic than regular ketones, therefore, the reaction
with fluorine sources is often even more robust than regular ketone counterparts. This strategy
has been applied to facilitate various transformations when simple ketones are not reactive or
selective enough. For example, enantioselective decarboxylative protonation can be a powerful
tool to control the stereochemistry of the o alkyl substituents of ketones.?!” Likewise, Shimizu
and his co-workers had utilized this feature to synthesize fluoro B-keto esters first and after

subsequent palladium-catalyzed decarboxylation of B-keto carboxylates, regular fluoro ketones

were afforded (Scheme 41).2'8
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0, B-epoxy sulfoxides could be employed in o-fluoroketone synthesis.?!” With a good
leaving group, sulfoxide, and the activation of epoxide with Lewis acid, BF3-OEty, o, B-epoxy
sulfoxides were smoothly converted to a-fluoroketones with KHF; as the fluorinating reagent in

1990 by Yamakawa and his co-workers (Scheme 42).

(o) o) F
AN KHF,, BF;-OEt, 1 R2
A > R

Ph R' R® CHCl,

R3

Scheme 42

Vinyl azides have been proved by Liu group in 2016 to react with SelectFluor® under a
mild SET condition to afford a-fluoroketone (Scheme 43).22° Over 20 examples were proven to
perform efficiently in the reaction. The authors proposed a subsequent fluorine atom transfer

process was also involved.
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Martin-Matute and his co-worker also reported a method using allylic alcohol to afford a-
fluoroketone catalyzed by [IrCp*Cl:]> (Scheme 44)?*!' This method is giving the best

performance in aqueous media while the pH has to be carefully tuned.

1 mol% [IrCp*Cl],

1.25 equiv SelectFluor® F
Ry NoH > R o)
THF/H,0, 30 °C

2 2
R pH =7 buffer R
R' = H, alkyl, phenyl 60-92%
R2 = H, methyl
R3 = alkyl, phenyl
Scheme 44

Nucleophilic fluorination of a-bromoketones can be an efficient alternative of a-
fluoroketones in water with TBAF-3H>O as the fluorinating agent (Scheme 45).>*> Primary and
secondary centers are both feasible with this method. However, the report did not show any

positive result on tertiary bromide substrates, implying a potential limitation.
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Scheme 45

Compared to the robustness of the a position of ketones, B position is relatively inert.
However, more and more B-fluoroketones are synthesized recently via indirect methodologies.
Zhu and his collaborators are pioneers in this regard. In 2015, they reported a novel
methodology using cyclopropanols as substrates (Scheme 46).22* Formal catalysis by silver(])
enabled the smooth conversion from cyclopropanols to B-fluoroketones. The reaction could

tolerate electron- rich and electron neutral aryls, electron-rich and electron neutral benzyls, and
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alkyl as the group adjacent to the hydroxyl (R'). On the other hand, selection of another
substituent on the cyclopropane ring (R?) is relatively limited, for H and ethyl were the only
reported examples. In the same report, y-fluoro ketones were also accomplished by applying
similar reaction protocol with cyclobutanols. The authors proposed a plausible mechanism
initiated by incorporation of a silver and cyclopropanol/cyclobutanol to generate a complex

(Scheme 47).22 The complex then interacts with SelectFluor® to generate F-Ag(III) complex.
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Homolysis of the Ag(lll) complex produces an F—-Ag(I) species and

cyclopropyloxy/cyclobutyloxy radical, which fragments to form a linear secondary radical so

R' OH H 9
R' 0--Ag(l) (’1“ i
A In

R2 F/@
RZ
In
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Ag(l) F
R' O—A/g(III)
R2
(o]
R2 F
R1Jl\/\r -« (II)Ag/

F

o .
R1JI\/\/R2 &

Scheme 47

that the ring strain can be released. This radical reacts with the Ag(Il) complex to eventually
afford the product B/y-fluoroketones. Some other groups also published their similar reports to
synthesize the B -fluoroketones and Fe(acac); was proved to be an effective catalyst for this

transformation.?**

Later, Lectka applied a similar idea to synthesize B-fluoroketones (Scheme 48).22° With
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the help of a photosensitizer, 1,2,4,5-tetracyanobenzene, the authors were able to achieve the

same result without the use of metal catalyst, which might be more economically amenable.

10 mol%TCB

2.2 equiv SelectFluor® or F OH
R! OH > J\/U\ - J\/k
R? MeCN, hy reductive workup R R?

O)F\/(‘Lm O)\)LMe O\/ULMQO\/ULW
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77% 72% 75%
F F
WI\ /\M j
4 8
(o)

82% 85% 28%
65% 73% 68% 76%

Scheme 48
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2. Cyclopropane properties
A cyclopropane molecule consists of 3 equal length bonds, therefore geometrically the

bonds angles have to be 60°. This is far less than the thermodynamically most stable angle of sp*
C—C bonds, 109.5°, leading to significant ring strain (28 kcal/mol).????7 The eclipsed
conformation of its hydrogen atoms also results in torsional strain. Therefore, the bonds between
the carbon atoms are considerably weaker (65 kcal/mol) than in a typical alkane (80—85
kcal/mol),??® where much higher reactivity arises. Even when substituents are attached and the

bond lengths are no longer equal, this effect is not alleviated much.

Bonding between the carbon centers in cyclopropanes is generally described as bent
bonds.??’” In this model, the carbon—carbon bonds are bent outwards so that the interorbital
angle is 104°. This behavior reduces the bond strain and is achieved by distorting the
sp? hybridization of carbon atoms to technically sp® (i.e. 1/6 s density and 5/6 p density)?%° so
that  character is more than normal in the C—C bonds and the carbon-to-hydrogen bonds gain
more s-character. This results in an unusual consequence that while the C—C bonds in
cyclopropane are weaker than normal, the distance of 2 carbon atoms is less than in a regular

alkane bond: 151 pm versus 153 pm (average alkene bond: 146 pm).2*°

These molecular features lead to special chemical properties compared to regular alkanes.

Higher reactivity of cyclopropanes is often observed under free radical and thermal conditions.

3. Cyclopropanol synthesis
Cyclopropanation of enol derivatives, especially that of trialkylsily enol ethers, by

carbene or carbenoid is the most straightforward and widely used method for the synthesis of
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231-238

cyclopropanols and O-substituted cyclopropanols. Cyclopropanation of carboxylic acid

derivatives could also be an efficient alternative route to cyclopropanols.

3.1. Enol Derivatives

Cyclopropanation of metal enolates with zinc or samarium carbenoids is an efficient
direct pathway to cyclopropanols.?**?*> Imamoto and co-workers discovered deprotonation of
ketones with strong bases and treatment of the generated enolates with CH2I>-Smlz or CH2I2-Sm
produced 1-substituted cyclopropanols effectively (Scheme 49).2*> The regioselectivity is quite

high; therefore, 2-methylcyclohexan-1-one treated with LDA and then with CHzI>-Sml» gives

o) CH,l,/Sm Sm or Sml, lnSm\o
A ~ J\/ — L
R™ ~X R

X =O0R/', Cl, NR,

CH,l,/Sm R OSml, H,0 R OH

Scheme 49
rise to 2-methylbicyclo[4.1.0]heptan-1-ol in moderate yield.**°

Similarly, o-halo ketones can be transformed to corresponding cyclopropanols in

moderate to good yields by treatment with CHzI, and Sm.?** The key step of this reaction is also

246-247

a Simmons-Smith cyclopropanation of the corresponding samarium enolate.



53

3.2. Carboxylic Acid Derivatives
Kulinkovich and co-workers added esters to a mixture of 1 equiv of titanium(IV)
isopropoxide and 3 equiv of ethylmagnesium bromide at low temperature to generate 1-
alkylcyclopropanols in good to excellent yields.?*® A catalytic version is also available, with the
order of reagents addition inverted: the organomagenesium compound was subjected to the
mixture of ester and Ti(OiPr)s (Scheme 50).2* In such condition, low temperature is no longer

needed, and only 2 equiv of the Grignard reagent is required.

1. 2 equiv EtMgBr
5-10 mol% Ti(OiPr),

o} Et,0, 18-20 °C R OH
J -
R OMe 2.5 % H,SOy4(aq), 5 °C
Scheme 50

The authors assumed the formation of the thermodynamically unstable diethyltitanium
intermediate which would undergo rapid P-hydride elimination to give ethane and

titanacyclopropane (Scheme 51).24%24

The metallocycle behaves as a 1,2-dicarbanoionic
equivalent in reaction with esters. Alkylation happens twice on alkoxycarbonyl to afford

cyclopropanol as product.
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Assuming a hypothetical ligand exchange process is involved, Sato?® and Cha®!"%

groups proposed to use more sterically hindered titanacyclopropane intermediated generated

1’250 1,251 1,252

from isopropyl,>>® n-butyl,*! cyclohexyl,?*? or cyclopentylmagnesium bromide®** to facilitate the
ligand exchange process. These attempts allowed olefins to replace of Grignard reagents as

substrates so that it is no longer necessary to synthesize Grignard reagents.

4. Cyclopropanol properties

Cyclopropanol has been studied a lot since it is a useful synthetic building block.
Attributing to the weak C—C bond discussed above, polarization of hydroxyl group, and
significantly increased ring strain caused by adjacent oxygen atom, cyclopropanol ring opening

process is relatively facile. Therefore, it could be treated as a synthetic building block to achieve
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B substituted ketone.

4.1. Reactions with Retention of the Ring

Reactions of cyclopropanols involving C—O bond cleavage are often accompanied by
cleavage of the cyclopropane ring. However, when a strong electron-donor substituent attached
to the same carbon atom as the hydroxyl group, nucleophilic displacement of the substituent

usually proceeds more smoothly.?>*25

d256-257 258-260

Aminocyclopropane carboxylic aci and some other methanoamino acids
could be synthesized by the corresponding 1-alkoxycyclopropanols. The Strecker reaction of

hemiacetal with NaCN and (S)-a-phenylethylamine results in the (S, R)-aminonitrile as a mixture

with its (S, S)-diastereomer (Scheme 52).2%
OH CN

. / + H,NR NaCN, MeOH» . /
o ;; ‘OMe AcOH, 55 °C K ;; 'NHR

d.r. =6.7:1 to 9.0:1
77%—-82%

Scheme 52

Activation of the leaving group might be useful for nucleophilic displacement of the

) 261-272

hydroxyl group in less reactive cyclopropanol derivatives (Scheme 52 Salaiin group

discovered that 1-alkenyl cyclopropyl esters readily form zn- or o-ethyleneallylmetal complexes
which lead to cyclopropane derivatives. The resulting allylmetal complex is readily substituted

by nucleophiles to afford alkylidenecyclopropanes or cyclopropanes.?>273
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When stabilized anions are involved, the nucleophilic substitution would be resulting in

exclusive alkylidene cyclopropanes. By treating the respective substrates with appropriate 1,1-

ethyleneallylpalladium complexes, regioselective N-allylation of amines (Scheme 53)%* 274273

266

and amino acids“*® could be accomplished.

R
)\ R
D{Ts TsHN CO,Me __ >—C02Me
—_— > N
\
Ts
R=H 81%
R = Me 95% ee>98%

R = CH,Ph 77% ee>98%

Scheme 54

As for non-stabilized nucleophiles (alkyl- and arylzinc chlorides,*’® metal hydrides, 6% 276

and azides),269’ 274-275

palladium-catalyzed nucleophilic substitution reactions of sulfonates of
vinylcyclopropanols would produce 1-alkenyl-1-substituted cyclopropanes. Reaction of tosylate
with phenylzinc chloride afforded exclusively 1-ethenyl-1-phenylcyclopropane (Scheme 55). =
complex was assumed to transfer the phenyl group from zinc to palladium and palladium was

closer to the cyclopropyl carbon at the allylic moiety to produce a ¢ complex, which undergoes a

reductive elimination to give the product.?’? This is an interesting example of Pd catalyzed n-
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allyl coupling with bond formation at the more substituted terminus of the allyl fragment.?””

— Pd(dbba),/dppe —

40 °C

(4
K4

7d\ Pd—Ph
L L /

pr= 7"" PhZnCl ﬁ/”

Scheme 55

The synthetic application of these transformations of 1-alkenylcyclopropanol derivatives

was shown by several natural product syntheses. For example, coronamic acid®’®

was prepared
with a palladium(0)-catalyzed stereoselective azidation®® of the corresponding mesylates as the

key step (Scheme 56).

Et, |r\ pdo) EtPd, |
. —_— - J

SN .2
At

OMs

NaN3

Et,

"D‘\“‘COzH Et. Ir\

NH, ——=—
Coronamic Acid

Scheme 56
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4.2. Reactions with Ring Opening
Flowers and his collaborators found the oxidation of selected anions (N>, SCN", I, and
Br’) by ceric ammonium nitrate (CAN) in the presence of substituted cyclopropyl alcohols could
lead to p-functionalized ketones in 2007 (Scheme 57).2° Although the substrate scope was

limited, the selected substrate can undergo azidation, thiocyanation, iodination, bromination

2 equiv CAN O
> )I\/\
R OH MX, MeCN or MeCN/H,0, 23 °C R X
R =Ar 70-96%
X= N3, SCN, |1 Br,
Scheme 57

smoothly in the specific system.

81 trifluoromethylation,”®?> and

Copper(I)-catalyzed B-amination,?®® fluoroalkylation,?
thiotrifluoromethylation?®? was studied extensively by Dai group (Scheme 58). The mechanism
of B-amination, trifluoromethylation, and thiotrifluoromethylation was proposed to form a

Copper(IIl) species first and a simultaneous reductive elimination would occur to afford the

corresponding products.
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Cyclobutanols could perform ring-opening reactions like cyclopropanols. Similar to their
work on cyclobutanol/cyclopropanol fluorination,”*® Zhu group reported manganese-catalyzed

).28  This methodology can afford

oxidative azidation of cyclobutanols in 2015 (Scheme 59
primary, secondary, and tertiary alkyl azides products in synthetically useful yields and exclusive
regioselectivity. Aside from linear alkyl azides, otherwise elusive medium-sized cyclic azides
were also readily prepared. The authors suggested that the reaction likely proceeds by a radical

mediated C—C bond cleavage/C—N3 bond formation pathway (Scheme 60). Initially, Mn(OAc)s,

TMSN3, and BI-OH generate the high-valent Mn(V) azide species, which reacts with
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Mn(OAc);, bipy

R OH R3 o) R2
TMSN;, BI-OH
v R1Jj\)\(N3
MeCN, 23 °C or 70 °C
R R3
OH
/
I\
BI-OH = (o]
(o)
Scheme 59
1
ArCO,H m Ho R' R?
BI-OH N N tr
m |\V|I";V
AcON, N N rlls
TMSN, ,‘v.,;""

Scheme 60

cyclobutanol to coordinate with oxygen atom. The complex then undergoes simultaneous SET to
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generate Mn(IV) azide species and cyclobutyloxy radical. —The fragmented radical of
cyclobutyloxy radical, is then trapped by the azidation reagent, eventually leading to alkyl azide
product. It is likely that once formed, the cyclobutyloxy radical, the alkyl radical and the
azidation reagent are confined within a solvent cage, which promotes the azidation. Otherwise,

the free alkyl radical would instantly cyclize to generate 1-tetralone when R! group is an aryl.

Later in 2016, Zhu group reported a manganese-catalyzed oxidative ring-opening

cyanation and ethynylation of cyclobutanols (Scheme 61).2%* Employing a similar idea with the

R’ OH R Mn(OAc);, bipy o R?

TsCN, PIDA
- A
MeCN, 23 °C

R2 R3

Scheme 61

method they reported in the previous year, cyano one-carbon unit and ethynyl two-carbon unit
are regiospecifically introduced to the y-position of ketones at room temperature, providing a
mild yet powerful method for synthesizing aliphatic nitriles and alkynes. The initiation is
postulated to be similar to their azidation (Scheme 62). After the y alkyl radical is formed, the
interaction of the intermediate and arylsulfone results in cleavage of the C—S bond, leading to
cyanation product or alkynylation product, respectively. The chlorination of cyclobutanols,
proceeding presumably in a similar way to cyanation and ethynylation of cyclobutanols, was also

reported by Zhu group this year.?%
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In sum, cyclopropanols are powerful platforms to build B-substituted ketones under
suitable conditions. Considering:1. Unit price of SelectFluor ($135 for 25 g = $1.91 per mmol,
Alfa Aesar) and AgF> ($110 for 10 g = $1.60 per mmol, Alfa Aesar); 2. Oxidizing ability of

AgF>; 3. Scope limitation of Zhu methodology,?** we pursue to develop a silver(I) difluoride

mediated B fluorination.
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5. Cyclopropanol Discussion

5.1. Discussion on Cyclopropanol Ring-Opening Fluorination
To our delight, the initial qualitative experiment of silver(Il) difluoride and our model
substrate, 1-methyl-2-phenylcyclopropan-1-ol produced product which showed '°F NMR signal.

After interpreting the structure, we began to find the optimal condition for the reaction.
All the yields were determined by °F NMR. The yields in parentheses are isolated yields.

5.1.1. Comparison of CICH2CH2ClI stored in open air and anhydrous CICH2CH:ClI

OH AgF, F O
CICH,CH,CI l\
y
0.5h0°C—1h23°C

%yield
CICH,CH,Cl in air 25
CICH,CH,CIl in N, 43

Table 2

The influence of moisture in open air and oxygen was tested with these control
experiments. It was found that the efficiency of the fluorination reaction decreased when
CICH2CHCI stored in the open air was used, suggesting moisture and/or oxygen could be
factor(s) impeding the reaction process. This result could be attributed to the fact that silver
difluoride can react with water and oxygen, which might be more reactive than cyclopropanol in
the reaction condition we used. Therefore, in the experiments carried out later, dry solvents were

applied.
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5.1.2. Influence of Temperature

><°H AgF, F O

CICH,CH,CI

2CH, -

T°C
T %yield

23 67

40 68

60 77
Table 3

The result showed as the reaction temperature rose, the reaction efficiency increased. It
is noteworthy that based on study later, this effect is only valid when the reaction scale is small.
When the substrate amount scaled up, larger amount of solid silver difluoride (since it is
insoluble in CICH2CH2CI, presumably the unit amount of silver difluoride in a certain area
increased) tended to induce more byproduct, thus decreasing the yield of fluorination reaction.
This series of experiments also implied a better reactivity (potentially resulting from stronger
electrophilicity arising from the fragility of polarized cyclopropane) of cyclopropanol entity

compared to aryl under the condition.

To find out the optimal temperature in cryogenic condition, a series of experiments were
conducted as Table 4 listed. The results indicated at 0 °C the yield only dropped 17% compared
to the highest yield obtained at 60 °C, whereas at —40 °C, the reaction almost terminated with a

9% yield of B fluoro ketone and 90% starting material remaining. A low reaction rate at —40 °C



can be the best explanation for this result.

OH 2 equiv AgF, F o
CICH,CH,CI

o

/
/

| 1hT°C»>1h23°C

\
\

T %yield
0 60

Table 4

5.1.3. Influence of Solvent
OH AgF, F O
solvent
>
©/ 60 °C

Solvent %yield
CICH,CH,CI 43
CH,CI, 30
CHCI; 27
MeCN 10
THF trace
1,4-dioxane trace
heptane N.R.
DMF N.R.

Cyclopropanol (0.1mmol), and fluoride source (0.2mmol) in 2ml specified solvent at 60°C for 1 hour.

65
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Table 5

It is noteworthy that the fluorination reaction in the examined halogenated solvents
showed much better efficiency than the reaction performed in other solvents. Among

chloroform, dichloromethane, and 1,2-dichloroethane, 1,2-dichloroethane was the best candidate.

5.1.4. Influence of Reaction Time
OH 2 equiv AgF, F o)
CICH,CH,CI
AN
©/ 1h0°C—»>th23°C |

0.1 mmol, 2 mL DCE

\

t %yield
1 60
4 60
6 64 |
8 57
17 42

Table 6

By allowing the reaction stirring at room temperature for 6 hours, optimal yield was
achieved. In addition, after 1 hour, the yield was already reaching a relatively high level,
indicating the reaction rate was fast in the beginning. After 6 hours, the substrate was almost

consumed, and side reactions on the resulting B fluoro ketone began to dominate, thus the yield
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decreased.

5.1.5. Final Check

OH 2 equiv AgF, F fo)
CICH,CH,CI
| N tsh T °C— t,h 23 °C
=

0.3 mmol, 6 mL CICH,CH,CI

T tq t %yield
0 1 1 58
0 2 2 62
0 2 1 48
-15 1 1 72
Table 7

As discussed in the section of influence of temperature, when large amount of substrate
and silver difluoride is used, the condition needs to be modified to give the best performance.
Therefore the experiments in the table above were conducted, and the optimal temperature in
practical use was found to be —15 °C, which was controlled by a NaCl (solid) : crushed ice (1:2

volume ratio) cold bath.
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5.2. Reaction Scope Study
A series of substrates were subjected to our optimized condition. To our delight, we
found the reactions tolerated a few functional groups. Increasing the steric bulk adjacent to the
hydroxyl group was not decreasing the reaction efficiency, but instead increasing the yields,
when isopropyl gave a much higher yield and tert-butyl gave a slightly higher yield (entries 1-3)
compared to methyl counterpart. An aromatic substituent attached to the carbinol increased
reaction efficiency substantially (entry 4). This could be explained by presumable benzyl radical
stabilization or possible acceleration caused by aryls. Substrates containing p-tolyl substituents
(entries 5-7) led to exclusive mono-fluorinated products, suggesting that under the reaction
conditions a simple benzylic fluorination mechanism is not likely and the regioselectivity of
fluorination is dependent on the ring-opening process. Encouraged by this result we further
examined substrates where fluorination would occur at a non-benzylic site (entries 9—10).
Products of ring-opening/fluorination were observed in these cases without fluorination at other
sites. Despite that the yields were somewhat reduced, it is noteworthy that the methodology does
not require that the fluorination site be attached to an aryl group, thus the scope is not very

limited. Compared to Zhu’s methodology,?*’

our chemistry features a broader collection of
secondary fluorinated products as in Zhu’s work, they only managed to show one example of

secondary fluoride as their product.



HO R? AgF, (2 equiv) F o
CICH,CH,CI J\/U\
- - R R2
-15°C—23 °C
Entry Substrate Product Yield [%]
Ho, F o
1 ©)\/U\ 53 (51)
HO F O
2 ©)\)‘\r 72 (69)
HO F O
, W 5
HO, Ph F o
HO, F O
5 /@)\)‘\ 47
HO, F O
6 M 71 (55)
HO, Ph F o
7 /©)\/U\/Ph 67 (47)
HO F O
8 W .,
Ho2 Ph F o
9 60
Ph
HO Ph Et
Et ),
Ph

Yields are determined by 19F NMR. Yields in parentheses are isolated yields.
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Table 8

5.3. Competition Experiments between 1-isopropyl-2-phenylcyclopropan-1-ol and 1,2-

diphenylcyclopropan-1-ol

Ph OH AgF: F O
OH CICH,CH,CI F 0
+
/A > Ph - AN
Ph -15°C—> 23°C Ph Ph
Ph

1 equiv AgF,: 5% 26%
2 equiv AgF,: 15% 56%

Table 9
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Based on the experimental results, we noticed a phenomenon that reaction efficiency with

aryl carbinols outcompetes that with aliphatic counterparts in general. In order to gain insight

into the process, we conducted the competition experiment. In experiments with either 1 or 2

equiv of AgF, the yield of the benzylic alcohol reaction is ~4—5-fold over that of the aliphatic

tertiary alcohol reaction. The effect is likely best explained through an influence at an early

stage of the mechanism. The function of the aryl group proximal to the oxygen can be postulated

to be accelerating a mechanism involving single electron intermediates that could arise from

oxidation or bond fission instead of stabilizing a theoretical O-centered or benzylic radical. In

addition, the Ag—O interaction might be intensified by the inductive effect of the aryl ring.
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5.4. Mechanistic hypothesis

R2__OH AgF, Ag R? Q
» R2. 0 —m>
K -HF —AgF =S
R R’
ligand R! bond
exchange A homolysis

ring

fission
- l\/\
J\/[]\ - F-Ag-F o]
R’ R -AgF ,\)J\
R’ R2

F-atom
abstraction c

Scheme 63

A potential mechanism for the fragmentation is shown in Scheme 63. Although Ag(III)

was claimed to be a key reactive intermediate in some related processes,??>22% 288

we propose
that Ag(I) may be a viable promoter of fragmentation. Thus, initial ligand exchange to form
Ag—alkoxide complex A could be followed by single electron oxidation via Ag-O bond
homolysis. Strain release in the cyclopropane system could lead the resulting alkoxy radical B to
a bond fission and C-centered radical intermediate C is therefore formed. This is the key step
explaining the regioselectivity in fragmentation arising from a preference for the secondary
radical intermediate over primary intermediate. F-atom abstraction from a second molecule of

AgF> would eventually afford the - fluoroketone product. This is meanwhile our best rationale

for the optimal reaction stoichiometry we found.

Although oxidation of the intermediate radical C to the corresponding carbocation could

happen in the presence of Ag(Il), deprotonation is more likely to be the major pathway since
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undesired enone products were observed in some cases. The preference for opening at the
secondary carbon site might rule out a homoenolate-type mechanism involving a carbanion
intermediate as well as an electrophilic mechanism initiated by a formal F" interacting with the

cyclopropanol.

6. Conclusion

We developed a useful method to access B-fluoro ketones. This is our first attempt to
apply silver(Il) difluoride in organic synthesis. Ten substrates were investigated and the yields
range from 39% to 93%. The condition effectively prevents potential benzylic fluorination. In
addition, sterically demanding environment in the substrate molecule did not become a big issue
for the reaction. Compared to Zhu’s methodology,*> more secondary fluoride products were
afforded in acceptable yields. Moreover, the cost of silver(Il) difluoride is lower than that of

SelectFluor®.
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Appendix I. Experimental Part of Cyclopropanol

1. General Procedure for Preparation of Cyclopropanol Substrates

Cyclopropanol substrates were prepared according to Cha’s work.?>?

To a solution of ester (10 mmol, 1 equiv) and alkene (10 mmol, 1 equiv) in 40 mL
anhydrous THF was added Ti(O-iPr)s (10 mmol, 1 equiv). Cyclohexylmagnesium chloride (40
mmol, 31 mL 1.3M solution in toluene/THF) was added at 0 °C over 10 min. The reaction
mixture was stirred for an additional 2 hours at 23 °C and was treated with 1 M hydrochloric
acid to quench the reaction. The resulting mixture was vacuum filtered, and the resulting filtrate
was extracted with ethyl acetate (3 x20 mL). The combined extracts were drided over MgSOa.
Filtration and evaporation in vacuo gave the crude product. Purification by column

chromatography on silica gel afforded the pure product.
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2. Optimization

2.1. Comparison of CICH2CH:2Cl stored in open air and anhydrous CICH2CH2ClI

OH AgF, F O
CICH,CH,CI
> | X
0.5h 0°C—1h 23 °C P
%yield
dry CICH,CH,CI 43

Table 10

An oven-dried 8 mL glass vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(29.2 mg, 0.2 mmol, 2 equiv) was added and the vial was then sealed with a cap equipped with a
rubber septum and transferred out of the glovebox. The vial was connected to a N»-filled
Schlenk line and then charged with anhydrous 1,2-dichloroethane (1 mL) or 1,2-dichloroethane
(1 mL) stored in the open air. The mixture was cooled to 0 °C and stirred vigorously for 1 min.
A solution of cyclopropanol (0.05 M solution in 1,2-dichloroethane, storage condition same as
the solvent used to fill the vial first, 2 mL, 0.1 mmol, 1 equiv) was added in one portion and the
resulting suspension was stirred for 0.5 h at 0 °C. The mixture was warmed to 23 °C, wrapped
with aluminum foil, and stirred for 1 h. The reaction mixture was passed through a short silica
plug to remove the solid residue, eluting with CH>Cl> (2 x 1 mL). The vial was rinsed with
CH2CLx (2 x 3 mL). The resulting organic solution was concentrated in vacuo. Neat a,0,0-

trifluorotoluene (12.0 pL) was added to the residue as an internal standard and a 'F NMR
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spectrum was obtained to determine the yield. (The residue was purified by flash

chromatography on silica gel to afford the desired product.)

2.2. Influence of Temperature

><°H AgF, F O
CICH,CH,CI
2LHy -
©/ ToC
T %yield
23 67
40 68
60 77
Table 11

An oven-dried 8 mL glass vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(29.2 mg, 0.2 mmol, 2 equiv) was added and the vial was then sealed with a cap equipped with a
rubber septum and transferred out of the glovebox. The vial was connected to a N»-filled
Schlenk line and then charged with anhydrous 1,2-dichloroethane (1 mL). A solution of
cyclopropanol (0.05 M solution in 1,2-dichloroethane, 2 mL, 0.1 mmol, 1 equiv) was added in
one portion and the resulting suspension, wrapped with aluminum foil, was stirred for 14 h at
specified temperature.  The reaction mixture was passed through a short silica plug to remove

the solid residue, eluting with CH2ClL, (2 x 1 mL). The vial was rinsed with CH>Cl, (2 x 3 mL).
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The resulting organic solution was concentrated in vacuo. Neat a,a,0-trifluorotoluene (12.0 pL)
was added to the residue as an internal standard and a '°F NMR spectrum was obtained to
determine the yield. (The residue was purified by flash chromatography on silica gel to afford the

desired product.)

OH 2 equiv AgF, F o)

CICH,CH,CI l\
y

1hT°C>1h23°C

T %yield
0 60
-40 9

Table 12
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2.3. Influence of Solvent

>KfH AgF, F O
solvent ‘\
> AN

60 °C |
S
Solvent %yield
CICH,CH,CI 43
CH,CI, 30
CHCI; 27
MeCN 10
THF trace
1,4-dioxane trace
heptane N.R.
DMF N.R.

Cyclopropanol (0.1mmol), and fluoride source (0.2mmol) in 2ml specified solvent at 60°C for 1 hour.

Table 13

An oven-dried 8 mL glass vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(amount specified in the table) was added and the vial was then sealed with a cap equipped with
a rubber septum and transferred out of the glovebox. The vial was connected to a N»-filled
Schlenk line and then charged with anhydrous 1,2-dichloroethane (I mL). A solution of
cyclopropanol (0.05 M solution in 1,2-dichloroethane, 2 mL, 0.1 mmol, 1 equiv) was added in
one portion and the resulting suspension was stirred for 1 h at 60 °C. The reaction mixture was
passed through a short silica plug to remove the solid residue, eluting with CH>Cl> (2 x 1 mL).
The vial was rinsed with CH2Clz (2 x 3 mL). The resulting organic solution was concentrated in

vacuo. Neat a,0,a-trifluorotoluene (12.0 pulL) was added to the residue as an internal standard
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and a '’F NMR spectrum was obtained to determine the yield. (The residue was purified by flash

chromatography on silica gel to afford the desired product.)

2.4. Influence of the Amount of Silver Difluoride
OH X equiv AgF, F o)
CICH,CH,CI
y o
©/ 1h0°C>17h23°C |

0.1 mmol, 2 mL DCE

N

X %yield
1 4
1.5 22
[ 2 42 |
40
Table 14

An oven-dried 8 mL glass vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(amount specified in the table) was added and the vial was then sealed with a cap equipped with
a rubber septum and transferred out of the glovebox. The vial was connected to a N»-filled
Schlenk line and then charged with anhydrous 1,2-dichloroethane (1 mL). The mixture was
cooled to 0 °C and stirred vigorously for 1 min. A solution of cyclopropanol (0.05 M solution in

1,2-dichloroethane, 2 mL, 0.1 mmol, 1 equiv) was added in one portion and the resulting
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suspension was stirred for 1 h at 0 °C. The mixture was warmed to 23 °C, wrapped with
aluminum foil, and stirred for 17 h. The reaction mixture was passed through a short silica plug
to remove the solid residue, eluting with CH>Cl> (2 x 1 mL). The vial was rinsed with CH>Cl> (2
x 3 mL). The resulting organic solution was concentrated in vacuo. Neat a,0,0-trifluorotoluene
(12.0 puL) was added to the residue as an internal standard and a '°F NMR spectrum was obtained
to determine the yield. (The residue was purified by flash chromatography on silica gel to afford

the desired product.)

The fluorination reaction achieved a peak when 2 equivalence of silver difluoride was

used.

2.5. Influence of Reaction Time

OH 2 equiv AgF, F o)

CICH,CH,CI
-

1h0°C—>th23°C

0.1 mmol, 2 mL DCE

t %yield

1 60

4 60
6 64 |

8 57

17 42
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Table 15

An oven-dried 20 mL plastic vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(29.2 mg, 0.2 mmol, 2 equiv) was added and the vial was then sealed with a rubber septum and
transferred out of the glovebox. The vial was connected to a N»-filled Schlenk line and then
charged with anhydrous 1,2-dichloroethane (1 mL). The mixture was cooled to 0 °C and stirred
vigorously for 1 min. A solution of cyclopropanol (0.05 M solution in 1,2-dichloroethane, 2 mL,
0.1 mmol, 1 equiv) was added in one portion and the resulting suspension was stirred for 1 h at
0 °C. The mixture was warmed to 23 °C, wrapped with aluminum foil, and stirred for specified
time. The reaction mixture was passed through a short silica plug to remove the solid residue,
eluting with CH>Cl> (2 x 1 mL). The vial was rinsed with CH>Cl, (2 x 3 mL). The resulting
organic solution was concentrated in vacuo. Neat a,a,a-trifluorotoluene (12.0 puL) was added to
the residue as an internal standard and a '’F NMR spectrum was obtained to determine the yield.

(The residue was purified by flash chromatography on silica gel to afford the desired product.)
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2.6. Final Check

OH 2 equiv AgF;, F fo)
CICH,CH,CI
| N tyhT°C > t;h23°C
=

0.3 mmol, 6 mL CICH,CH,CI

T tq t; %yield
0 1 1 58
0 2 2 62
0 2 1 48
-15 1 1 72
Table 16

An oven-dried 20 mL plastic vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(87.6 mg, 0.6 mmol, 2 equiv) was added and the vial was then sealed with a rubber septum and
transferred out of the glovebox. The vial was connected to a N»-filled Schlenk line and then
charged with anhydrous 1,2-dichloroethane (3 mL). The mixture was cooled to —15 °C and
stirred vigorously for 1 min. A solution of cyclopropanol (0.05 M solution in 1,2-dichloroethane,
6 mL, 0.3 mmol, 1 equiv) was added in one portion and the resulting suspension was stirred for
ti hat T °C. The mixture was warmed to 23 °C, wrapped with aluminum foil, and stirred for t> h.
The reaction mixture was passed through a short silica plug to remove the solid residue, eluting
with CH2Clz (2 x 1 mL). The vial was rinsed with CH2Cl> (2 x 3 mL). The resulting organic

solution was concentrated in vacuo. Neat a,0,a-trifluorotoluene (12.0 plL) was added to the
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residue as an internal standard and a 'F NMR spectrum was obtained to determine the yield.
(The residue was purified by flash chromatography on silica gel to afford the desired product.)

As discussed in the section of influence of temperature, when large amount of substrate and
silver difluoride is used, the condition needs to be modified to give the best performance.
Therefore the experiments in the table above were conducted, and the optimal temperature in
practical use was found to be —15 °C, which was controlled by a NaCl:crushed ice (1:2 volume

ratio) cold bath.

3. General Procedure for Ring-Opening Fluorination

An oven-dried 20 mL plastic vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(87.6 mg, 0.6 mmol, 2 equiv) was added and the vial was then sealed with a rubber septum and
transferred out of the glovebox. The vial was connected to a N»-filled Schlenk line and then
charged with anhydrous 1,2-dichloroethane (3 mL). The mixture was cooled to —15 °C and
stirred vigorously for 1 min. A solution of cyclopropanol (0.05 M solution in 1,2-dichloroethane,
6 mL, 0.3 mmol, 1 equiv) was added in one portion and the resulting suspension was stirred for 1
h at—15 °C. The mixture was warmed to 23 °C, wrapped with aluminum foil, and stirred for 1 h.
The reaction mixture was passed through a short silica plug to remove the solid residue, eluting
with CH2Clz (2 x 1 mL). The vial was rinsed with CH2Cl> (2 x 3 mL). The resulting organic
solution was concentrated in vacuo. Neat a,0,a-trifluorotoluene (12.0 plL) was added to the
residue as an internal standard and a 'F NMR spectrum was obtained to determine the yield.

(The residue was purified by flash chromatography on silica gel to afford the desired product.)
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4. Procedure for Competition Experiments between 1-isopropyl-2-phenylcyclopropan-1-ol

and 1,2-diphenylcyclopropan-1-ol

Ph OH AgFs F O
OH CICH,CH,CI F O
+
* /A o Ph AN
Bh -15°C— 23°C Ph Ph
Ph
1 equiv AgF,: 5% 26%
2 equiv AgF,: 15% 56%
Table 17

An oven-dried 20 mL plastic vial equipped with a magnetic stir bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, solid AgF»
(14.6 mg, 0.1 mmol, 1 equiv) was added and the vial was then sealed with a rubber septum and
transferred out of the glovebox. The vial was connected to a N»-filled Schlenk line and then
charged with anhydrous 1,2-dichloroethane (3 mL) via syringe. The suspension was cooled to —
15 °C and stirred vigorously for 1 min. A solution of 1-isopropyl-2-phenylcyclopropan-1-ol
(17.6 mg, 0.1 mmol, 1 equiv) and 1,2-diphenylcyclopropan-1-ol (21.0 mg, 0.1 mmol, 1 equiv)
dissolved in 1,2-dichloroethane (1 mL) was added at once and then the mixture was stirred for 1
h at —15 °C. The suspension was warmed to 23 °C, wrapped with aluminum foil, and stirred for
1 h. The reaction mixture was passed through a short plug of SiO; to remove the solid residue
and eluted with CH2ClL (2 x 1 mL) and then the vial was washed with CH2Cl> (2 x 3 mL). The
combined solution was concentrated in vacuo. Neat o,a,a-trifluorotoluene (12.0 pL) was added

into the residue as an internal standard and '°’F NMR spectrum was obtained to determine the
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yield. (The residue was purified by flash chromatography on silica gel to afford the desired

product.)

The experiment was also carried out with 0.2 mmol of AgF> (29.2 mg, 2 equiv) in a similar

manner.

5. Characterization Data of Cyclopropanols

Me OH

1-methyl-2-phenylcyclopropan-1-ol

Spectral data matches with the reported data.°

1-isopropyl-2-phenylcyclopropan-1-ol

The title compound was isolated as white powder.

mp 6062 °C
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TLC (SiO2) Rr=0.33 in 5:1 hexanes/acetone, p-anisaldehyde stain

H NMR (500 MHz, CDCl3) & 7.30-7.24 (m, 2H), 7.21-7.14 (m, 3H), 2,43 (dd, /= 9.5, 7.5 Hz,

1H), 1.24-1.11 (m, 3H), 1.03 (d, J= 6.5 Hz, 3H), 0.77 (d, J = 6.5 Hz, 3H)
13C NMR (126 MHz, CDCl3) § 138.0, 128.3, 128.0, 125.8, 64.9, 31.9, 30.1, 18.5, 17.6, 16.7
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/z): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

1-(tert-butyl)-2-phenylcyclopropan-1-ol

The title compound was isolated as white powder.

mp 58-59 °C

TLC (S102) Rr=0.37 in 5:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCl3) § 7.30-7.22 (m, 4H), 7.20-7.15 (m, 1H), 2.49 (dd, J = 10.0, 8.0 Hz,

1H), 1.33 (dd, J = 8.0, 6.0 Hz, 1H), 1.06 (dd, J = 10.0, 8.0 Hz, 1H), 0.80 (s, 9H)
13C NMR (126 MHz, CDCl3) 5 138.0, 128.3, 128.0, 125.8, 64.9, 31.9, 30.1, 18.5, 17.6, 16.7

IR (neat) 3473, 3357, 2959, 1599, 1493, 1362, 1187, 1145, 774, 696, 608 cm ™!



GC/MS (m/z): 190.1 (6%), 133.0 (65%), 105.1 (100%), 91.0 (66%), 77.0 (19%), 57.1 (57%)

2 on
1,2-diphenylcyclopropan-1-ol

Spectral data matches with the reported data.?®’
Me OH
Me

1-methyl-2-(p-tolyl)cyclopropan-1-ol

Spectral data matches with the reported data.°

Me
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1-(tert-butyl)-2-(p-tolyl)cyclopropan-1-ol

The title compound was isolated as white powder.

mp 64-66 °C

TLC (SiO2) Rr=0.46 in 5:1 hexanes/acetone, p-anisaldehyde stain

H NMR (500 MHz, CDCL3) & 7.16 (d, J = 7.5 Hz, 2H), 7.06 (d, J = 8 Hz, 2H), 2.44 (dd, J =
18.5, 8.5 Hz, 1H), 2.31 (s, 3H), 1.30 (dd, J = 7.5, 5.5 Hz, 1H), 1.03 (dd, J = 10.5, 6.0 Hz,

1H), 0.80 (s, 9H)
13C NMR (126 MHz, CDCls) § 135.5, 135.1, 129.5, 128.7, 66.4, 35.2, 31.7, 26.9, 21.1, 14.1
IR (neat) 3457, 2963, 2871, 1362, 1180, 1076, 907, 813, 550, 526 cm"!

GC/MS (m/z): 204.1 (10%), 145.0 (41%), 119.1 (42%), 105.1 (100%), 91.0 (15%), 57.1 (44%)

1-benzyl-2-(p-tolyl)cyclopropan-1-ol
The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.39 in 5:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCls) § 7.37-6.96 (m, 9H), 2.86 (d, J = 14.5 Hz, 1H), 2.46 (dd, J = 9.5,
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7.0 Hz, 2H), 2.36 (s, 3H), 1.32-1.23 (m, 2H)

13C NMR (126 MHz, CDCl3) & 138.4, 135.7, 135.1, 129.5, 129.0, 128.5, 128.3, 126.6, 125.6,

61.0,39.4,30.0,21.1, 18.0
IR (neat) 3395, 3027, 2924, 2364, 2332, 1516, 1492, 1450, 1092, 813, 699, 530 cm™"

GC/MS (m/z): 238.1 (5%), 147.0 (20%), 119.0 (27%), 105.0 (100%), 91.0 (24%)

R
l =
1-(tert-butyl)-2-(4-(tert-butyl)phenyl)cyclopropan-1-ol
The title compound was isolated as white powder.
mp 72-74 °C
TLC (Si02) Ry= 0.40 in 5:1 hexanes/acetone, p-anisaldehyde stain

IH NMR (500 MHz, CDCls) § 7.26 (d, J = 8.0 Hz, 2H), 7.19 (d, J = 8.0 Hz, 2H), 2.44 (dd, J =

10.5, 8.0 Hz, 1H), 1.30 (s, 10H), 1.03 (dd, J= 10.5, 6.0 Hz, 1H), 0.81 (s, 9H)

13C NMR (126 MHz, CDCls) & 148.9, 135.0, 129.2, 124.8, 35.2, 31.7, 31.4, 31.3, 31.2, 26.9,

14.1

IR (neat) 3366, 2956, 2904, 2869, 1515, 1362, 820, 611, 526 cm™'
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GC/IMS (m/z): 246.1 (30%), 189.0 (26%), 175.1 (19%), 147.1 (100%), 133.0 (96%), 117.0

(19%), 91.0 (17%), 57.0 (82 %)

o
C A

2-benzyl-1-phenylcyclopropan-1-ol
The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.43 in 5:1 hexanes/acetone, p-anisaldehyde stain

TH NMR (500 MHz, CDCl3) & 7.45 (d, J = 7.0 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 8.0
Hz, 1H), 7.24 (t, J = 8.0 Hz, 2H), 7.16 (t, J = 7.0 Hz, 1H), 7.07 (d, J = 8.0 Hz, 2H), 2.53 (dd,
J=15.0,2.5 Hz, 1H), 2.31 (s, 1H), 2.08 (dd, J = 15.0, 8.0 Hz, 1H), 1,82-1.75 (m, 1H), 1.25

(dd, J=10.0, 6.0 Hz, 1H), 1.14 (app. t, J = 6.5 Hz, 1H)

13C NMR (126 MHz, CDCl3) 8 141.1, 140.0, 128.3, 128.2, 128.1, 127.6, 125.8, 61.8, 35.2, 27.8,

18.6
IR (neat) 3314, 3060, 3027, 2920, 2852, 1600, 1492, 1450, 1190, 1060, 764, 692 cm"

GC/MS (m/z): 224.1 (24%), 209.0 (4%), 133.0 (48%), 120.0 (46%), 105.0 (100%), 91.1 (30%),

77.0 (49%)
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Y on
S

2-(4-ethylbenzyl)-1-phenylcyclopropan-1-ol
The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.46 in 5:1 hexanes/acetone, p-anisaldehyde stain

H NMR (500 MHz, CDCl3) & 7.45 (d, J = 7.5 Hz, 2H), 7.37 (t, J = 7.0 Hz, 2H), 7.31 (t, J= 7.5
Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 2.60 (q, J = 8.0 Hz, 2H), 2.52
(dd, J = 15.0, 6.5 Hz, 1H), 2.02 (dd, J = 15.0, 8.0 Hz, 1H), 1.81-1.72 (m, 1H), 1.25 (app. t, J

=5.5Hz, 1H), 1.22 (app. t, J=7.5 Hz, 3H), 1.12 (app. t, /= 6.5 Hz, 1H)

13C NMR (126 MHz, CDCls) § 141.7, 140.1, 138.3, 128.3, 128.1, 128.1, 127.7, 127.6, 61.9,

34.8,28.4,28.0, 18.6, 15.6
IR (neat) 3336, 2963, 2930, 2859, 1682, 1512, 1447, 1190, 1060, 1024, 836, 758, 699 cm!

GC/MS (m/z): 252.1 (27%), 237.0 (11%), 132.1 (58%), 119.0 (44%), 105.0 (100%), 91.1 (23%),

77.0 (44%)

6. Characterization Data of p-fluoroketones

F o)



91

4-fluoro-4-phenylbutan-2-one

The title compound was prepared with a '’F NMR vyield of 53%, and was isolated (25.2 mg,

51%). Spectral data matches with the reported data.?*

| X
=
1-fluoro-4-methyl-1-phenylpentan-3-one

The title compound was prepared with a '°F NMR vyield of 72%, and was isolated as a pale

yellow liquid (40.2 mg, 69%).
TLC (S102) Rr=0.52 in 5:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCls) § 7.42-7.31 (m, SH), 5.99 (ddd, J = 46.5, 8.5, 4.0 Hz, 1H), 3.25
(ddd, J = 16.6, 14.5, 8.5 Hz, 1H), 2.81 (ddd, J = 31.5, 16.5, 4.0 Hz, 1H), 2.60 (sept, J = 6.5

Hz, 1H), 1.12 (d, J= 6.5 Hz, 3H), 1.08 (d, J = 6.5 Hz, 3H)

13C NMR (126 MHz, CDCls) § 210.5, 128.6, 125.5, 125.5, 100.1, 90.3 (d, J = 170.7 Hz), 47.6

(d,J=126.3 Hz), 41.6,17.7,17.7
19F NMR (376 MHz, CDCl3) & —174.9 (ddd, J = 46.4, 31.6, 13.9 Hz, 1F)
IR (neat) 2966, 2926, 2852, 1713, 1467, 1379, 1070, 1021, 985, 758, 699 cm!

GC/MS (m/z): 194.1 (2%), 174.0 (3%), 151.0 (19%), 131.0 (46%), 109.0 (100%), 77.0 (20%)
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=
1-fluoro-4,4-dimethyl-1-phenylpentan-3-one

The title compound was prepared with a ’F NMR vyield of 59%, and was isolated as a white

solid.
mp 37-39 °C
TLC (SiO2) Rr=0.54 in 5:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCls) § 7.42-7.31 (m, 5H), 6.02 (ddd, J = 46.5, 8.5, 4.5 Hz, 1H), 3.33

(ddd, J = 17.0, 14.0, 8.5 Hz, 1H), 2.77 (ddd, J=31.5, 17.0, 4.5 Hz, 1H), 1.13 (s, 9H)

13C NMR (126 MHz, CDCly) & 211.6, 128.6, 128.5, 125.5, 125.5, 90.5 (d, J = 170.4 Hz), 44.2

(d, J = 26.5 Hz), 26.3, 25.8
1F NMR (376 MHz, CDCls) § ~175.7 (ddd, J = 46.2, 31.6, 13.9 Hz, 1F)
IR (neat) 2972, 2930, 1694, 1609, 1473, 1369, 1086, 1028, 976, 855, 765, 699, 542 cm!

GC/MS (m/z): 208.1 (3%), 188.0 (2%), 131.0 (100%), 103.0 (38%), 57.0 (46%)
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3-fluoro-1,3-diphenylpropan-1-one

The title compound was prepared with a '’F NMR vyield of 93%, and was isolated as a white

solid.
mp 63-65 °C
TLC (SiO2) Rr=0.39 in 5:1 hexanes/acetone, p-anisaldehyde stain

H NMR (500 MHz, CDCl3) § 7.97 (d, J = 8.0 Hz, 2H), 7.69-7.33 (m, 8H), 6.19 (ddd, J = 46.5,

8.0, 4.0 Hz, 1H), 3.81 (app. dt, J= 15.0, 8.5 Hz, 1H), 3.33 (ddd, J=29.5, 17.0, 4.0 Hz, 1H)

13C NMR (126 MHz, CDCl3) 6 196.1, 144.9, 139.6, 139.4, 136.7, 133.5, 132.8, 130.6, 129.0,
128.7, 128.7, 128.5, 128.5, 128.2, 125.7, 125.6, 122.1, 90.3 (d, J = 171.2 Hz), 46.0 (d, J =

26.2 Hz)
1F NMR (376 MHz, CDCl3) § —174.5 (ddd, J = 46.0, 30.0, 14.9 Hz, 1F)
IR (neat) 3063, 3030, 2937, 1685, 1665, 1597, 1447, 1376, 1203, 995, 751, 687, 579, 547 cm™"

GC/MS (m/z): 228.1 (16%), 207.1 (48%), 131.0 (20%), 105.0 (100%), 77.1 (78%)

Me
4-fluoro-4-(p-tolyl)butan-2-one

The title compound was prepared with a '’F NMR vyield of 47%, and was isolated as a pale
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yellow liquid.
TLC (Si02) Rr=0.37 in 5:1 hexanes/acetone, p-anisaldehyde stain

'TH NMR (500 MHz, CDCl3) § 7.23 (d, J = 11.0 Hz, 2H), 7.19 (d, J = 8.5, 2H), 5.91 (ddd, J =
47.0, 8.5, 4.5 Hz, 1H), 3.20 (ddd, J = 16.4, 14.8, 9.0 Hz, 1H), 2.81 (ddd, J = 32.0, 17.0, 4.0

Hz, 1H), 2.36 (s, 3H), 2.22 (s, 3H)

13C NMR (126 MHz, CDCl3) 8 204.9, 143.5, 138.6, 138.6, 129.3, 125.6, 125.6, 90.1 (d, J =

170.4 Hz), 50.6 (d, J = 26.5 Hz), 30.9, 29.7
19F NMR (376 MHz, CDCl3) & —172.4 (ddd, J = 46.5, 31.9, 14.1 Hz, 1F)
IR (neat) 2959, 2923, 2855, 1720, 1668, 1609, 1457, 1366, 1258, 1180, 1044, 800 cm™!

GC/MS (m/z): 180.1 (11%), 160.1 (15%), 145.0 (100%), 115.0 (42%), 91.0 (17%)

F o)

<

1-fluoro-4,4-dimethyl-1-(p-tolyl)pentan-3-one

Me

The title compound was prepared with a '’F NMR yield of 71%, and was isolated as a white

solid (36.7 mg, 55%).
mp 34-36 °C

TLC (Si02) Rr=0.22 in 20:1 hexanes/acetone, p-anisaldehyde stain
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IH NMR (500 MHz, CDCls) § 7.25 (d, J = 7.0 Hz, 2H), 7.18 (d, J = 7.5 Hz, 2H), 5.98 (ddd, J =
46.5, 8.0, 4.0 Hz, 1H), 3.33 (ddd, J = 22, 13.5, 8.5 Hz, 1H), 2.76 (ddd, J = 31.0, 17.0, 4.0

Hz, 1H), 2.35 (s, 3H), 1.13 (s, 9H)

13C NMR (126 MHz, CDCl3) & 211.7, 142.9, 138.4, 136.7, 136.5, 129.6, 129.2, 128.3, 125.6,

125.5, 119.7, 90.5 (d, J = 169.6 Hz), 4.1 (d, J=27.2 Hz), 26.4, 25.9, 21.2
19F NMR (376 MHz, CDCl3) & —173.8 (ddd, J = 46.1, 31.5, 13.6 Hz, 1F)
IR (neat) 2966, 2926, 2871, 1708, 1604, 1369, 1080, 1002, 979, 817, 728, 543 cm™!

GC/MS (m/z): 222.1 (8%), 202.1 (6%), 145.1 (100%), 123.1 (34%), 115.1 (22%), 91.1 (11%)

4-fluoro-1-phenyl-4-(p-tolyl)butan-2-one

The title compound was prepared with a ”F NMR yield of 67%, and was isolated as an off-white

solid (36.3 mg, 47%).
mp 57-60 °C
TLC (Si02) Rr=0.41 in 5:1 hexanes/acetone, p-anisaldehyde stain

IH NMR (500 MHz, CDCls) § 7.34 (t, J = 7.5 Hz, 3H), 7.29 (d, J = 7 Hz, 2H), 7.24-7.15 (m,

4H), 5.92 (ddd, J = 46.5, 8.5, 4.0 Hz, 1H), 3.75 (d, J = 5.0 Hz, 2H), 3.23 (ddd, J = 16.3,
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14.8,9.0 Hz, 1H), 2.82 (ddd, J=31.0, 16.5, 3.0 Hz, 1H), 2.36 (s, 3H)

13C NMR (126 MHz, CDCl3) & 204.4, 197.4, 143.5, 141.1, 138.6, 136.1, 136.0, 134.6, 133.4,
131.7, 129.7, 129.5, 129.3, 128.8, 128.8, 128.4, 127.2, 127.1, 127.0, 125.7, 125.6, 124.3,

90.2 (d,J=170.6 Hz), 51.0,48.9 (d, J=26.5 Hz), 48.3, 21.5, 21.2
F NMR (376 MHz, CDCl3) § —172.5 (ddd, J = 46.2, 31.4, 13.9 Hz, 1F)

IR (neat) 3027, 2963, 2920, 1713, 1603, 1496, 1450, 1334, 1220, 1073, 1028, 817, 741, 696, 543

cm!

GC/MS (m/z): 256.1 (3%), 165.0 (18%), 145.0 (13%), 123.1 (100%), 91.0 (22%)

F o

<

1-(4-(zert-butyl)phenyl)-1-fluoro-4,4-dimethylpentan-3-one

The title compound was prepared with a '"F NMR yield of 90%, and was isolated as a white

solid.
mp 49-50 °C
TLC (Si02) Rr=0.26 in 20:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCl3) § 7.41 (d, J = 10.5 Hz, 2H), 7.30 (d, J = 9.5 Hz, 2H), 6.00 (ddd, J =
58.5, 11.0, 5.0 Hz, 1H), 3.36 (ddd, J = 21.1, 17.3, 11.0 Hz, 1H), 2.75 (ddd, J = 40.5, 21.5,

5.0 Hz, 1H), 1.32 (s, 9H), 1.14 (s, 9H)
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13C NMR (126 MHz, CDCl3) & 211.7, 151.6, 136.6, 136.5, 125.5, 125.3, 125.3, 90.3 (d, J =

169.6 Hz),44.3, 44.0 (d,J=27.0 Hz), 34.6,31.3,25.9
F NMR (376 MHz, CDCl3) § —174.0 (ddd, J = 46.4, 32.5, 13.8 Hz, 1F)
IR (neat) 2960, 2928, 2905, 2868, 1704, 1476, 1364, 1082, 1002, 839, 582 cm™!

GCIMS (m/2): 264.1 (4%), 249.1 (6%), 207.1 (6%), 187.1 (32%), 165.1 (31%), 131.0 (35%),

57.1 (100%)

3-fluoro-1,4-diphenylbutan-1-one

The title compound was prepared with a ”F NMR yield of 60%, and was isolated as an off-white

solid.
mp 55-56 °C
TLC (S102) Rr=0.43 in 5:1 hexanes/acetone, p-anisaldehyde stain

'H NMR (500 MHz, CDCl3) § 7.91 (dd, J = 10.0, 1.0 Hz, 2H), 7.58 (app. tt, J = 9.0, 1.6 Hz, 1H),
7.46 (app. t, J = 10.0 Hz, 2H), 7.36-7.29 (m, 2H), 7.26 (app. d, J = 8.5 Hz, 3H), 5.40 (app.
doublet of quintets, J = 59.0, 7.0 Hz, 1H), 3.45 (ddd, J = 21.3, 19.0, 9.0 Hz, 1H), 3.18-3.04

(m, 3H)
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13C NMR (126 MHz, CDCl3) & 196.8, 136.8, 136.5, 133.4, 129.6, 128.7, 128.5, 128.1, 126.8,

90.4 (d,J=171.7 Hz), 42.8 (d, J=23.2 Hz), 41.2 (d, J= 21.0 Hz)
19F NMR (376 MHz, CDCl3) & ~179.0 (app. ddt, J=47.2, 23.1, 16.5 Hz, 1F)
IR (neat) 3031, 2959, 2930, 1682, 1597, 1447, 1379, 1213, 1083, 1009, 744, 686, 511 cm™!

GC/MS (m/2): 222.1 (15%), 115.0 (18%), 105.0 (100%), 91.1 (9%), 77.0 (32%)

4-(4-ethylphenyl)-3-fluoro-1-phenylbutan-1-one

The title compound was prepared with a '°’F NMR yield of 39%, and was isolated as a pale

yellow liquid (33.9 mg, 42%),).
TLC (Si02) Ry= 0.44 in 5:1 hexanes/acetone, p-anisaldehyde stain

IH NMR (500 MHz, CDCls) & 7.94-7.88 (m, 2H), 7.59-7.53 (m, 1H), 7.47-7.43 (m, 2H), 7.20—
7.13 (m, 4H), 5.39 (app. doublet of quintet, J = 47.0, 6.0 Hz, 1H), 3.44 (ddd, J = 16.8, 15.5,

7.0 Hz, 1H), 3.17-3.02 (m, 3H), 2.64 (q, J = 7.5 Hz, 2H), 1.24 (t, J= 7.5 Hz, 3H)

13C NMR (126 MHz, CDCl3) & 196.9, 148.0, 142.8, 137.9, 136.8, 134.9, 133.6, 133.5, 133.4,
133.2, 132.6, 29.5, 128.8, 128.6, 128.5, 128.5, 128.2, 128.1, 128.0, 126.7, 90.5 (d, J = 171.7

Hz),42.8 (d,J=23.3 Hz), 40.8 (d, J=21.2 Hz), 28.5, 15.6
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19F NMR (376 MHz, CDCl3) & —178.7 (app. ddt, J = 47.7, 23.9, 15.8 Hz, 1F)
IR (neat) 2963, 2930, 2361, 2335, 1684, 1620, 1450, 1272, 1216, 1018, 983, 829, 754, 689 cm™!

GC/MS (m/2): 250.1 (19%), 145.1 (12%), 117.1 (14%), 105.0 (100%), 91.1 (6%), 77.0 (29%)
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Chapter II1. Alkyl Tertiary Fluoride

1. Primary and Secondary Alkyl Fluoride Synthesis without Adjacent Electron-
Withdrawing Group
Fluorides are weak nucleophiles under many typical conditions, so nucleophilic reactions
are challenging with fluorides. The Finkelstein reaction is one of the conventional fluorination

options.”®

Classic Finkelstein reaction entails the conversion of an alkyl chloride or an alkyl
bromide to an alkyl iodide by treatment with a solution of sodium iodide in acetone.?”® Scheme
64 shows a recent example published by Chi group, which takes advantage of ionic liquid to
potentially improve the solubility of the alkali salt in order to enhance the reactivity of the

fluorinating reagent. In Finkelstein reaction, alkyl bromide, iodide, mesylate, or tosylate is

5 equiv CsF
R—OMs » R—F
MeCN, 100 °C
OH
50 mol% \N/@\N
MsOe —/
Scheme 64

an alkali fluoride MF (M=Li, Na, K, Rb, Cs) to afford alkyl fluoride.?®! Since the cost of alkali
metal is generally low, the reaction itself is commonly used when the substrate is available.
However, this method suffers from a practical problem that the required alkali fluoride is
hygroscopic, and the fluorides are very likely to from hydrogen bonds with water to decrease the

nucleophilicity of the fluoride ions, which is already weak. In addition, the solubility of alkali
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fluoride salts in common organic solvents limits their application in organic synthesis. New
nucleophilic and electrophilic fluorinating reagents introduced in Chapter I, such as SelecFluor®,

NFSI, DAST, PyFluor, Phenofluor, Deoxo-Fluor, XtalFluor, and Fluolead, have been developed.

The fluorinating reagents mentioned above are also useful in modern catalytic reactions
and sometimes the catalysts could alter the fluorinating reagents’ selectivity. For example, in
2013 Lectka and co-workers developed a radical fluorination procedure promoted by a Fe(ll)

species in the presence of Selectfluor® (Scheme 65).2%22%3 Even when there is an electron-

EWG 2.2 equiv SelectFluor® F
o ©/\/ 10 mol% Fe(acac), EWG
2 1
R MeCN, 23 °C R R
2.2 equiv SelectFluor® F
] R? 10 mol% Fe(acac),
R o . AN R?
MeCN, 23 °C R
¥
Scheme 65

withdrawing group (EWG) B to the benzylic position, benzylic fluorination was exclusive. This
is in sharp contrast to the traditional Selectfluor® reactivity in the presence of such EWG
(Selectfluor® alone would usually lead to a fluorination of EWG).818% % Nitriles, sulfones, and
numerous derivatives of carbonyl groups, from carboxylic acids to aldehydes are all tolerated

under the condition. Simpler benzylic fluorides can also be synthesized in similar efficiency.
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2. Tertiary Alkyl Fluoride Synthesis without Adjacent Electron-Withdrawing Group
Tertiary centers are suitable reaction centers for Sn1 and free radical reactions.
Therefore, most syntheses of tertiary alkyl fluorides without adjacent electron-withdrawing

group are accomplished with these two strategies.

Tertiary alcohol is a popular category for Sx1 fluorination. With treatment of fluorinated
aminosulfuranes, the hydroxyl is converted to a good leaving group by attacking sulfur and
eliminating hydrogen fluoride.?®* The resulting alkoxyaminosulfur difluoride intermediate then
dissociates and the resulting carbocation is attacked by nucleophilic fluoride, by an Sx1 pathway,
leading to the tertiary fluoride product. As mentioned in Chapter 1, a lot of fluorinated

aminosulfuranes have been developed to apply in various systems.

Despite the fact that adamantane is a very sterically demanding system, adamantyl
bromide is very robust in fluorination. Early in 1965, Schleyer and his co-worker reported an
example of adamantyl bromide fluorination with silver(I) fluoride.>®> Up to now, most of reports
on alkyl tertiary bromide fluorination are on bromides of diamondoids.?**** The reason behind
the limitation is likely to be that diamondoids tend to undergo an Sx1 pathway under the
fluorination conditions and the relative stability of adamantal systems could potentially avoid
side reactions like elimination. Also, Bollinger group discovered silver(I) fluoride could

fluorinate 2-bromo-3- fluoro-2,3-dimethylbutane in 5% yield.>®

A visible light-mediated benzylic fluorination was reported by Chen and co-workers.3%
The reaction uses 9-fluorenone as the light sensitive radical-initiating catalyst, which tolerates
various functional groups on aromatic and alkyl chains. Electron rich substrate reaction rate is

faster empirically. Moreover, the authors demonstrated that their transformation is viable in
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gram-scale synthesis and generates secondary benzylic fluorides faster than primary or tertiary

ones.

The direct conversion of aliphatic carboxylic acids to the corresponding alkyl fluorides
has been achieved via visible light-promoted photoredox catalysis by MacMillan group (Scheme

66).392 This operationally simple fluorination method is applicable to a wide variety of

3 equiv SelectFluor®

1 1% Ir[dF(CF tbbpy)PF
con 1Mol WGF(CFapRY) WboyPFe

R/
2 equiv Na,HPO,
MeCN/H,0O

23°C

Scheme 66

carboxylic acids. Initial photon-induced oxidation of carboxylates leads to the formation of
carboxyl radicals, which upon rapid COz-extrusion and fluorine radical transfer from a
fluorinating reagent gives rise to the desired fluoroalkanes with high efficiency (Scheme 67).
Notably, this radical induction method is so versatile that it can generate primary, secondary, and

tertiary radicals, hence producing all three kinds of alkyl fluorides.
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/~~ClI +/~ClI

L7 LT <

Ir(1)*
y
Ir(IV) N ¢!
. 7
N
Fm D
Ir(11) P
1 2
H R R
-CO, l
CO,H JF\
R “R?
R1" “R?
Scheme 67

3. Primary and Secondary Alkyl Fluoride Synthesis with Adjacent Electron-Withdrawing
Group
a- fluorination of carbonyl compounds with electrophilic fluorine sources offers a
solution to obtain carbonyl compounds with primary and secondary carbonyl compounds. A lot
of examples were discussed in Chapter I. In general, carbonyl compounds with only a primary

and secondary reaction center are excellent substrates for fluorination with enolates, either by
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pre-making the enolate equivalents with silyl or acetate, etc., or preparing the enolate in situ

followed by subsequent treatment of electrophilic fluorine sources.

4. Tertiary Alkyl Fluoride Synthesis with Adjacent Electron-Withdrawing Group

As discussed in Chapter I,  keto esters have been studied so extensively that
enantioselective fluorination is already mature on many substrates in this category. However,
blanks still exist in studies on fluorination of tertiary centers neighboring a single electron-
withdrawing group. Known examples used small molecules such as FOCls,*"*% 3% and AcOF.
304305 Small molecule gaseous fluorine sources are potentially very toxic and require special
fluorine tolerant lab equipment and special handling procedure. Common commercially
available and widely used electrophilic fluorine sources such as SelectFluor®,”® NFSI,”®
197 NFOBS (N-fluoro-o-benzenedisulfonimide)’® on the other hand, suffer from the problem that
the tertiary centers are relatively sterically demanding and are rarely used as electrophilic

fluorine sources for tertiary centers except the potentially activated benzylic centers.>%¢3%7

AgBF4 was reported in 1979 to transform keto tertiary bromides to keto tertiary fluorides
(Scheme 68).3% This is the first example to fluorinate a tertiary bromide neighboring a ketone
with stoichiometric silver(I) reagent. Primary bromide, as well as tertiary chloride, were found
to be intact during the reaction process. Tertiary a-bromoaldehyde was also proven to be a good
substrate with a 70% yield of tertiary a-fluoroaldehyde and only a 15% yield of the

corresponding carboxylic acid.
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O: o

2
R R 1 equiv AgBF, R F
R3 v R3
Br R2
Scheme 68

a-Chloroesters have been demonstrated to convert to fluoroesters in cyclopropane system. Wang
and co-workers reported the nucleophilic fluorination of a-chloroesters with retention of
configuration (Scheme 69).3%° With an excess of KHF, (3 equiv) as the fluorinating agent,
fluorinated compounds were afforded in high yields. An elimination-addition mechanism was

proposed by the authors to explain the stereoselectivity.

R R

/I KHF, - /I
/,,}A{m - /,}A“;F
0%, CO,Et DMSO,120°C" o7

CO,Et

Scheme 69

In 2008, Hammond and co-workers reported the transformation of allenoates for the
synthesis of o -fluorinated esters (Scheme 70).31° They formed alkynyl enolates in situ with
lithium diisopropylamide (LDA). With the addition of NFSI, they obtained the desired

fluorinated compounds in moderate to good yields.
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1 1
RI\ o 1) LDA R o
2) NFsI
\C o > \\ OR3
OR®  THF, -80°C
R? F” "R?
Scheme 70

Later, Fu utilized ketene to develop an enantioselective fluorination as an alternative in
2014 (Scheme 71).3!! This 3-component coupling, catalyzed by inexpensive iron catalyst

renders tertiary a-fluoroesters asymmetrically in a catalytic fashion. Over 10 examples were

_0 R!' R?
R'_c” 3% (-)-PPY* -
ﬁ
CcFsONa  + \( +  NFSI CoFe” E
R2 THF
78 °C o
R1 = Ar 86-98%
R? = alkyl 79-99% ee

(-)-PPY*
Scheme 71

shown. Mechanistic studies prove the addition of an external nucleophile (CsFsONa) is critical
for turnover, releasing the catalyst (PPY*) from an N-acylated intermediate (Scheme 72).
Therefore, a “chiral enolate” pathway was suggested by the authors. Nucleophilic addition of

PPY* to the ketene generates enolate, which is the resting state of the catalytic cycle. As the
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reaction goes to turnover limiting step, the enolate is fluorinated by NFSI to provide
enantioenriched N-acylpyridinium salt. Aryl oxide then react with the intermediate to afford the

final product and reform the catalyst.

NaN(SOZPh)z
(o] (0]
F R'__c”
R . \f
\I)I\OCGFS catalyst
R2
R2
CGF5ONa
©
o) o

P R ®
catalyst* catalyst

FN(SO,Ph),

Scheme 72

In 2016, Nishikata and co-workers reported a copper catalyzed fluorination reaction of
tertiary bromide with neighboring amide (Scheme 73).?*! The method showed a good chemo
selectivity for primary and secondary alkyl bromide was kept intact under the reaction condition.
To note, this methodology proceeds well only with a neighboring amide. The catalytic cycle was
postulated to include at least, 1) a radical initiation and 2) a fluorination step involving the alkyl

radical generated from the bromo amide and copper fluoride (Scheme 74).%°! Fluoro amide
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2 equiv CsF F
THF, 80 °C

o 10 mol% CuBr, o
R(X)n 10 mol% PMDETA R(X)n
R1>‘)I\N > R%
Br H
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Table 18

could potentially be precursors to useful amino fluorides as well. The disadvantage of this
methodology, if any, is if an ester or a ketone is adjacent to the tertiary center, the reaction

produces trace amount of product.

CONHAr

CONHAr
l;>|/ //*>Cumx
Cu()F -\T/CONHAr
Cu(ll)XBr
NHAr
_CuF
Cu(ll)F, CsF

Scheme 74

In sum, bromides at tertiary centers are potential to be replaced by fluorides under
suitable conditions. Little is known on fluorination tertiary bromides adjacent to esters without
any other electron-withdrawing groups. Therefore, we want to take advantage of oxidizing

ability of silver(Il) difluoride to synthesize tertiary bromides.
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5. Tertiary Bromide Discussion
Based on the literature research we did, we found few reliable solutions to access tertiary
a-fluoroketones and o-fluoroesters are known. We figured it is promising to achieve the

fluorination of compounds with a relatively more accessible tertiary bromide via radical process.

Gratifyingly, our first attempt employing 2-bromoisobutyrophenone as our model afforded the
desired product. When treated with 2 equiv of AgF. at 23 <C for 15 h, 0.1 mmol 2-
bromoisobutyrophenones (0.05 M solution in 1,2-dichloroethane) was converted to its fluoro
counterpart in 35% yield (Scheme 75). Low vyield could be attributed to the side product, 2-

methyl-1-phenylpropan-1-one, which derived from elimination reaction of the substrate.

All the yields were determined by °F NMR. The yields in parentheses are isolated yields.

5.1. Initial result

Br  CICH,CH,CI F
v
23 °C
35%

Bromide (0.1 mmol), and fluoride source (0.2 mmol) in 1,2-dichloroethane (2 mL) at 23 °C for 14 hours.
Scheme 75

Considering SelectFluor® can oxidize silver(I) in Zhu’s report, it is worthwhile to test if
the Zhu procedure is applicable in tertiary fluoride synthesis. An experiment using the optimized

condition from Zhu’s work was conducted. However, the catalytic condition was not yielding
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any fluorinated compounds but recovered all the substrates (Scheme 76).

Selectfluor®

Br MeCN/H,0
> NR

80 °C
Bromide (0.119 mmol), silver nitrate (0.0238 mmol) and fluoride
source (0.238 mmol) in MeCN (2mL) and H,0 (2 mL) at 80 °C for 14 hours.

Scheme 76

Similar to what we found in cyclopropanol case, CICH2CH,CI was the optimal choice of

solvent.

5.2. Optimization

5.2.1. Influence of Solvent

o 4 equiv AgF, o
Br solvent F
| R
23 °C
Z
solvent %yield
CICH,CH,CI 50
CH,CI, 27
CHCI; 25
MeCN 7
THF trace
1,4-dioxane trace
heptane N.R.
DMF N.R.

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 2 mL specified solvent at 23 °C for 14 h
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Table 19

The reaction rate was relatively fast. After 1 hour of reaction time under 23 <C, the yield
already achieved a relatively high level. 2-hour reaction time was the best under 23 <C. Even
when the reaction was cooled in addition phase, 1-2 hour(s) total reaction time was enough to

obtain the highest yields.

5.2.2. Influence of Reaction Time under Ambient Temperature

o 4 equiv AgF, o
Br  CICH,CH,CI F
| N
23 °C
=
time (h) %yield
1 43
2 45
4 41
6 43

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 1,2-dichloroethane (2 mL) at 23 °C for specified time

Table 20
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5.2.3. Influence of Reaction Time under Low Temperature

o 4 equiv AgF, o
Br v mL CICH,CH,CI F
-
1h0°C—» th23°C
t \' %yield
0 0.05 59
1 0.05 69
2 0.05 53
3 0.05 54
0 0.1 54
1 0.1 53
2 0.1 46
3 0.1 42

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in V mL 1,2-dichloroethane at 0 °C for 1 h, then at 23 °C fort h
Table 21

We assumed that raising the concentration would result in the promotion of the
fluorination route over the competitive elimination route as raising the concentration can
potentially increase the fluorination rate. Later studies showed high concentration of fluorine

source could suppress the amount of elimination product. Since the study in Table 19-21 was

using a commercially available substrate with a known density, the solvent could be easily
measured in small volume. Other substrates which were synthesized in our own hands would be
relatively harder to apply this protocol. 0.476 M was found to be the most efficient

concentration for this reaction with 0.238 mmol scale substrate.
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5.2.4. Influence of Concentration (Tertiary a-Bromoketone As the Substrate)

0 4 equiv AgF, 0
Br  CICH,CH,CI F

o

23 °C

solvent volume (mL) substrate concentration (M) %yield

[ 0.05 2.38 60 |
0.1 1.19 58
0.2 0.60 55
0.5 0.24 45

4 0.03 38
6 0.02 22

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 1,2-dichloroethane at 23 °C for 1 h

Table 22



116
5.2.5. Influence of Concentration (Tertiary a-Bromoester As the Substrate)

4 equiv AgF,

z ) o)
()\ gy  CICH,CH,CI _ @\ E

1h0°C—» 1h23°C

solvent volume (mL) %yield
0.5 25
1 11
2 7
4 3

Bromide (0.238 mmol), and fluoride source (0.952 mmol) in specified volume of 1,2-dichloroethane at 0 °C for 1 h, then at 23 °C for1 h

Table 23

In the reactions of esters, the reactions became more efficient as the concentration
increased. Side product, phenyl methacrylate, is not observed in any of the reactions, and the
only components in the reaction mixture are phenyl 2-fluoro-2-methylpropanoate and phenyl 2-
bromo-2-methylpropanoate. Therefore, it can be postulated that it is either the reaction rate
promotes as the concentration increases or the solvent can potentially react with silver(Il)

difluoride. Based on current information, we cannot rule out either of these possibilities.

In the end, with 0.238 mmol substrate, the optimal condition was determined as AgF. (0.952

mmol, 4 equiv) in 0.5 mL 1,2-dichloroethane at 0 <C for 1 hour, then at 23 <C for 2 hours.
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4 equiv AgF,

o) o)
@\ hi By  CICH,CH,CI »@\ .

1h0°C—»th23°C

t %yield

0.5 23
25

2 55
55

4 55

Bromide (0.238 mmol), and fluoride source (0.952 mmol) in 1,2-dichloroethane (0.5 ml) at 0 °C for 1 h, then at 23 °C fort h

Table 24

5.3. Reaction Scope Study
After establishing the optimal conditions, we then examined tertiary a-bromoketones’

reactivity. Tertiary bromides (entry 1-6, Table 25) underwent smooth conversions into tertiary
fluorides. In reactions of primary and secondary bromides (entry 7-8, Table 25), we failed to

observe any fluoro products with *F NMR. Although tolyl substrate (entry 4, Table 25) was
difluorinated, in (entry 5, Table 25) case, both the benzylic bromide and secondary benzylic
proton were preserved. Therefore, the reaction is chemoselective to tertiary bromides in the

presence of secondary bromide or secondary benzylic proton.



(0]
Br
R/u\r/

Examples

(o]
(o)
Br
/©/\)‘\/
Br (o)

AgF;
1,2-dichloroethane

0°C—>23°C

19F NMR %yield
(isolated yield)

63 (67)

47(44)

46(42) /A\/A\/A\/*er<

55(48)

15(44)

41(45)

N.R.

N.R.

(o)
F
R)kr/

Products

118



119

Table 25

In our studies on 2-bromo-2-methyl-1-phenylpropan-1-one, 2-methyl-1-phenylpropan-1-
one was the major side product. Larger conjugation system in 2-methyl-1-phenylpropan-1-one
can lower the potential energy. However, it was found later disrupting the large conjugation
system reduced the elimination in the case of phenyl 2-bromo-2-methylpropanoate. We were
pleased to observe there was no elimination product in the reaction of 2-bromo-2-
methylpropionic acid phenyl ester under the condition of which the ketones were examined. A
variety of esters were tested with our optimized condition. They show good reactivity. Aryls
and alkyls on substrates did not have much difference in reactivity. On benzene ring, alkyl,
fluoro, chloro, bromo, acetyl were tested, and compared to standard substrate (entry 1, Table 26),
fluoro substrate (entry 4, Table 26) performed similarly, electron-rich system (entry 2, Table 26)
and chloro, bromo compound (entry 3,6, Table 26) were less efficient, whereas electron-deficient
system (entry 5, Table 26) was more effectively yielding the desired product. Unlike our
previous studies on anisoles (when 2-(4-methoxyphenyl)-1-methylcyclopropan-1-ol is treated
with our optimized condition, only 4-(4-methoxyphenyl)butan-2-one was observed), ethoxy on
an alkyl chain (entry 8, Table 26) did not become a problem. Secondary alkyl alcohol derived
ester (entry 10, Table 26) was demonstrated to perform less efficiently but in an acceptable range

of fluorination reactions.
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Table 26

Although tertiary alkyl bromides without electron withdrawing groups have been
fluorinated previously, to test the versatility of our fluorination protocol, two examples were
investigated. They showed excellent reaction efficiency, proving electron withdrawing groups

are not essential for our reaction.

AgF;
Br 1,2-dichloroethane F
R)< > R)<
0 °C —23 °C

19F NMR %yield
(o]

Br F

65

Table 27

5.4. Preliminary Diastereoselectivity Study
In the case of (1R,2S,5S)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-phenylpropanoate,
we sought to examine the diastereoselectivity potential of our methodology (Scheme 77). To our

delight, 1.25:1 d.r. was observed in *°F NMR and 49% yield was obtained. The d.r. was not high,
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but considering isopropyl in (L)-menthol moiety can be replaced with some even more steric
demanding group, there is still potential for the selectivity to be improved. In the perspective of
scope, it also demonstrates our methodology is not limited to tertiary bromide attached with three

alkyls. Aryls is tolerated in the system too.

N -
Br AgF;
o 1,2-dichloroethane
o) 0°C—-23°C
] 49% ]
d.r. =1.25:1

Scheme 77

5.5. Synthetic Application

Tertiary fluorides are also valuable synthetic building blocks (Table 28). Reactions of 2-
fluoro-2-methylpropionic acid phenyl ester with pyrrolidine and geraniol successfully lead to
corresponding amide and ester. To note, esters containing alkene and amides produce trace
amount of fluorinated product in our condition. However, the transesterification and amidation
solved this issue with 92% and 89% yield. Also, selective para iodination of the aromatic ring

was also successfully providing a useful handle to make further potential transformation possible.



-
DBU
MeCN 89%
@\ (o) )\/\/K/\OH )\/\/k/\
OJI\|/ ' NS NS o
F
F

5% Fe(acac);

5% N32C03 92% \’/go

NIS

|
7.5% AgNTH, o
>
CH,Cl, o

40 °C

84% F

Table 28

5.6. Robustness Screen Experiments3!®

123

A series of additives were subjected into the reaction system to test adaptability. Alkyne,

alkenes, primary bromide, ether, and amide (entry 1-3, 6-8, Table 29) could not be recovered in

a high yield. But among them, alkene experiment was giving fluorinated compound in normal

yield. Other additives were also hampering the fluoride—bromide exchange.

Ketone and

sulfoxide (entry 4-5, Table 29) were recovered in high yields, but sulfoxide obviously could not

keep the original reaction integrity.
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4 equiv AgF,
Additive
CICH,CH,CI

Qdp 222 Oy

1h0°C-»2h23°C

%yield %yield
(a-fluoroketone) (additive)

\/\/\/\ 42 30
X O 67 24

Additive

ANNNNBT 50 7
o
42 85
05520

( 7 19 100

@ 1" 0

27 0
N

Bromide (0.238 mmol) in 1,2-dichloroethane (0.5 ml) and specified additive (0.238 mmol) were injected into a vial containing
fluoride source (0.952 mmol). The mixture were stirred at 0 °C for 1 h, then at 23 °C for 2 h.
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Table 29

5.7. Mechanistic Discussion

Pathway 1
-AgF
A ——= D
<Br R3
-FBr §/J<
R"" "R?
F
F—Br
| Re_FAoF R37":::§}::§'--- | re
R SR2  “AIF pi*Np2 g R OR?
4 go':—:
: Lo Re
; 1 2
E —BI‘2 : R R
Pathway 2

9 R3 7/\ F
3 F- Ag F —AgF /\ Q
J<R B J\ + F—Br —>» . Br + R

2
Br 3
Intermediate A R —Br,

Scheme 78

Two plausible pathways for the Br—F replacement are shown in Scheme 78. Pathway 1
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initiates by homolysis of silver(ll) difluoride, leading to the formation of silver(l) fluoride radical
and fluorine radical. Subsequent abstraction of bromine from the tertiary bromide substrate can
produce the key intermediate, tertiary alkyl radical along with BrF. BrF is not a stable species
but its high reactivity could lead to ready fluorination of the tertiary radical. Excess silver(ll)
difluoride or BrF can react with tertiary radical to form the fluorinated product. In pathway 2,
the lone pair electrons on bromine atom have high affinity to electron-deficient silver(ll).
Although the huge energy barrier involving two sets of bonding electrons in intermediate A is
concerning, the significant tendency for silver(ll) to reduce to more stable lower valence might
offset the energetic cost. With a facile single electron movement process, a tertiary radical and
an unstable BrF could form. Bromine atom is then released and this could initiate the next chain
process. Another tertiary radical is then formed and react with silver(ll) difluoride to afford the
fluorinated product. In the process of tertiary radical’s formation, a molecule of bromine is
hypothetically produced and its homolysis could also induce the initiation step of radical chain

process.

6. Conclusion

In sum, we developed a methodology to synthesize a-fluoroketones, a-fluoroesters, and
tertiary alkyl fluorides in synthetically useful yields. 19 examples were investigated and
reasonable yields were obtained. The reaction on esters is so far unique for no extra activation in
the substrates is required in our method. Unlike the chemoselectivity of Nishikata’s method,*”!
our method can be applied in various systems—esters, ketones, and alklys without any electron-

withdrawing groups.
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Preliminary diastereoselectivity study was conducted and a promising result was obtained.
2-fluoro-2-methylpropionic acid phenyl ester was converted to 2-fluoro-2-methyl-1-(pyrrolidin-
1-yhpropan-1-one, (E)-3,7-dimethylocta-2,6-dien-1-yl 2-fluoro-2-methylpropanoate, and 4-
iodophenyl 2-fluoro-2-methylpropanoate in good yields, which demonstrated the potential

possibility to synthesize our products to some of other carbonyl derived compounds.
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Appendix II. Experimental Part of Tertiary Bromide

1. General Procedure for Preparation of Isopropyl Ketone Substrates3!2-313

0]

P R R
9 ‘\( Ph;PO

Bu;N, pyridine HSiCl;
R .
TiCl, CH,ClI,

o o
CH,CI, _( 0 23 °C _C
78 »23°C

BusN (1.2 mmol, 0.29 mL, 1.2 equiv) and TiCls (1.1 mmol, 0.12 mL, 1.1 equiv) were

/

\

successively added to a stirred solution of methyl isopropyl ketone (1.0 mmol, 0.11 mL, 1 equiv)
in CH2Cl; (2.0 mL) at =78 °C. After 30 min, acetophenone (1.0 mmol, 1 equiv) was added to the
mixture at =78 °C. Then pyridine (5.0 mmol, 0.40 mL, 5 equiv) was added at —78 °C and the
reaction mixture was warmed to room temperature. After being stirred for 5 h, the reaction
mixture was diluted with Et20 (5 mL) and hexane (5 mL). The mixture was filtered through a
Celite pad and the filtrate was concentrated. The concentrated liquid was then dissolved in Et,0
(5 mL) and washed with 1M HCI solution (3x5 mL). The organic fraction was collected, dried
over MgS0Os, and concentrated in vacuo. Triphenylphosphine oxide (1.0 mmol, 278.0 mg, 1
equiv) and the resulting aldol reaction mixture was added in a 20-mL glass vial. 4 mL
CH,CICH2C1 was used to dissolve the mixture. Then the solution was cooled to 0 °C, and
HSiCl; (2.0 mmol, 0.2 mL, 2 equiv) was added in one portion. The vial was then closed by a cap.
After 1 hour under 0 °C, the vial was removed from the ice bath and the reaction was allowed to
stir for additional 4 hours. The reaction was quenched with saturated aqueous NaHCO3 (3 mL).

The organic fraction was dried over MgSOj4 and concentrated in vacuo. The desired product was
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obtained by column chromatograph, using hexanes/ethyl acetate (from 20:1 to 10:1) as eluent.

2. General Procedure for Preparation of a-bromoketone Substrates

a-Bromoketone substrates were prepared based on modified Gardner’s work.>!*

To a solution of isopropyl ketone (1 mmol, 1 equiv) and in 3 mL acetic acid was added
pyridinium perbromide (3 mmol, 960.0 mg, 3 equiv) at 23 °C in 3 batches. The reaction mixture
was stirred for 14 hours at 23 °C. 3 mL toluene was added into the resulting reaction mixture
and evaporated in vacuo. Purification by column chromatography on silica gel, using

toluene/hexanes (1:10) as eluent, afforded the pure product.

3. General Procedure for Preparation of Tertiary a-bromoesters Substrates
To a stirring solution of alcohol/phenol (5.7 mmol, 1.4 equiv) and pyridine (4 mmol, 0.32

mL, 1 equiv) under 0 °C in 8 mL CH2Cl; in a 20-mL glass vial, a-bromoisobutyryl bromide (4

mmol, 0.5 mL, 1 equiv) was added dropwise. Upon completion of the addition, the vial was
capped and removed from the ice bath. The reaction was allowed to stir for an additional 2 hours
and was quenched with 5 mL 2 M NaOH aqueous solution. The aqueous solution was washed
with Et;O (2x3 mL), and the organic fractions were combined, dried over MgSO4, and
concentrated in vacuo.  Purification by column chromatography on silica gel, using

hexanes/ethyl acetate (from 20:1 to 10:1) as eluent, afforded the pure product.
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4. Preparation of Substrate 3-bromo-3-methylbutyl benzoate

To a stirring solution of B-bromo-isovaleric acid (4.0 mmol, 729.1 mg, 1 equiv) under

0 °C in 8 mL tetrahydrofuran in a 20-mL glass vial, lithium aluminum hydride (4 mmol, 153.1
mg, 1 equiv) was added in three batches. The reaction was allowed to stir under 23 °C for 2
hours and was cooled to 0 °C again. 0.15 mL water was added first, followed by 0.15 mL 15 %
aqueous sodium hydroxide and 0.45 mL water. The reaction mixture was then warmed to 23 °C
and stir 15 min. The reaction mixture was then filtered through a Celite pad and the filtrate was
dried over MgSO4. The solution was concentrated in vacuo and dissolved in 2 mL CH>Cl..
Pyridine (6.0 mmol, 0.5 mL, 1.5 equiv) was added in the solution. With the solution stirred,
benzoyl chloride (4.8 mmol, 0.55 mL, 1.2 equiv) was added dropwise. The reaction was stirred
for additional 2 hours and was quenched with water. The organic fraction was collected, dried
over MgS0ys, and concentrated in vacuo. Purification by column chromatography on silica gel,

using hexanes/ethyl acetate (from 20:1 to 10:1) as eluent, afforded the pure product.

5. Preparation of Substrate (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-
phenylpropanoate

5 g NH4Cl was weighed in a 20-mL filtration flask equipped with a magnetic stirrer. The

flask was sealed with a rubber septum and was connected with a syringe and a needle. 2-

hydroxy-2-phenylpropanoic acid (1 mmol, 166 mg, 1 equiv) and (L)-menthol (3 mmol, 468 mg,

3 equiv) was weighed in a 20-mL vial equipped with a magnetic stirrer. 2 mL 1,4-dioxane was

used to dissolve the solid mass. The vial was then sealed with a cap equipped with a rubber

septum and a needle was placed through the septum. The filtration flask’s needle was placed
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through the vial’s septum as well. With both stirrer stirring, 1 mL concentrated HoSO4 was
measured in a syringe and needle and was subjected into the filtration flask (CAUTION: This
operation has to be done in a well-ventilated hood). Vigorous gas evolving was observed. The
gas was allowed to flow into the vial for 10 min and the outlet needle was removed first. After
30 seconds, the inlet needle was removed too. The vial was placed in a preheated 100 °C
aluminum heating block and stirred for 16 hours. The resulting mixture was cooled to room
temperature and poured into SmL saturated aqueous NaHCOj solution, extracted with diethyl
ether (2x3 mL). The organic fractions were combined and dried over MgSOg4. The solution was
concentrated in vacuo and purified with a flash column, using hexanes/ethyl acetate (10:1) to
afford the desired product, (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-hydroxy-2-
phenylpropanoate. The product (0.29 mmol, 89 mg, 1 equiv) was treated with 32% HBr in
AcOH (1.45 mmol, 0.27 mL, 5 equiv) and stirred for 16 hours. The resulting mixture was
diluted with 2 mL toluene and concentrated in vacuo. After a flash column using hexanes/ethyl
acetate (20:1), the desired product, (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-

phenylpropanoate was obtained.

6. Synthesis of 2-fluoro-2-methyl-1-(pyrrolidin-1-yl)propan-1-one3!s

0.76 mL of freshly prepared stock solution of 1,2,4-triazole (0.19 mmol, 0.025 M
solution, 0.1 equiv) and DBU (0.19 mmol, 0.025 M solution, 0.1 equiv) in acetonitrile was added
to pyrrolidine (0.19 mmol, 15.6 uL, 1 equiv), followed by phenyl 2-fluoro-2-methylpropanoate
(0.19 mmol, 34.7 mg, 1 equiv). After 15 h at room temperature, the solvent was removed under

reduced pressure and the residue was diluted with Et;O and passed through a plug of silica gel to
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give pure product upon concentration.

7. Synthesis of (E)-3,7-dimethylocta-2,6-dien-1-yl 2-fluoro-2-methylpropanoate’!¢

To a 20-mL vial was placed Fe(acac); (0.01 mmol, 3.6 mg, 0.05 equiv), geraniol (0.2
mmol, 30.8 mg, 1 equiv), and Na,COs3 (0.01 mmol, 1.1 mg, 0.05 equiv) in 1 mL heptane at room
temperature under nitrogen atmosphere. A solution of phenyl 2-fluoro-2-methylpropanoate (0.2
mmol, 36.4 mg, 1 equiv) in heptane (I mL) was added via syringe. The resulting mixture was
heated to 105 °C for 6 hours. The reaction mixture was then cooled to room temperature and
quenched with saturated aqueous NH4Cl solution (5 mL), then extracted with 2x3 mL ethyl
acetate. The combined organic layer was dried over MgSO4, filtered, and evaporated to give a
crude product that was purified by flash column on silica gel, using hexanes/ethyl acetate (40:1)

to provide the desired product.

8. Synthesis of 4-iodophenyl 2-fluoro-2-methylpropanoate’!’

To a dry flask (10 mL) fitted with a magnetic stirrer were added phenyl 2-fluoro-2-
methylpropanoate (0.2 mmol, 36.4 mg, 1 equiv), N-iodosuccinimide (0.22 mmol, 49.5 mmol, 1.1
equiv), silver triflimide (0.015 mmol, 5.8 mg, 0.075 equiv) and dichloromethane (4 mL) under an
atmosphere of air. The reaction mixture was stirred in the dark at 40 °C. The reaction was
allowed to stir at 40 °C for 15 hours. The reaction mixture was diluted with dichloromethane (15
mL) and washed with dilute aqueous solutions of sodium hydrogen carbonate (20 mL), sodium

thiosulfate (20 mL), and sodium chloride (20 mL). The organic layer was dried over MgSO4 and



133

filtered. The solvent was removed under reduced pressure, and the product was purified by flash

column, using hexanes/diethyl ether (4:1).

9. Optimization

9.1. Influence of the Amount of Silver Difluoride

Br  CICH,CH,CI F
23°C
%yield
2 equiv 46
4 equiv 50
6 equiv 38

Bromide (0.119 mmol) in 1,2-dichloroethane (2 mL) at 23 °C for 14 hour.

Table 30

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox, specified
amount of silver difluoride was added into the vial and the vial was sealed a cap equipped with a
PTFE-lined rubber septum and transferred out of the glovebox. The vial was connected to a N»-
filled Schlenck line, and 2 mL 1,2-dichloroethane was added. 2-Bromoisobutyrophenone (0.119
mmol, 20.0 pL, 1 equiv) was added at once. The reaction was allowed to stir for 14
hours at 23 °C, wrapped with aluminum foil. The reaction mixture was passed through a short

silica plug to remove the solid residue, and then 2x3 mL ethyl acetate was used to wash the vial
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and 2x1 mL was used to wash the silica plug. The resulting solution was concentrated
in vacuo. 12.0 uL a,a,0-trifluorotoluene was added into the residue as internal standard and '°F

NMR spectrum was taken to obtain the yield.

9.2. Influence of Solvent

o 4 equiv AgF, o
Br solvent F
'
23 °C
solvent %yield
CICH,CH,CI 50
CH,Cl, 27
CHCI; 25
MeCN 7
THF trace
1,4-dioxane trace
heptane N.R.
DMF N.R.

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 2 mL specified solvent at 23 °C for 14 h

Table 31

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (0.476 mmol, 69.5 mg, 4 equiv) was added into the vial and the vial was sealed
by a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The

vial was connected to a N»-filled Schlenck line, and 2 mL specified solvent was added. 2-



135

Bromoisobutyrophenone (0.119 mmol, 20.0 uL, 1 equiv) was added at once. The reaction was
allowed to stir for 14 hours at 23 °C, wrapped with aluminum foil. The reaction mixture was
passed through a short silica plug to remove the solid residue, and then 2x3 mL ethyl acetate was
used to wash the vial and 2x1 mL was used to wash the silica plug. The resulting solution was
concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene was added into the residue as internal

standard and '°F NMR spectrum was taken to obtain the yield.

9.3. Influence of Reaction Time under Ambient Temperature

o 4 equiv AgF, 0
Br  CICH,CH,CI F
>
23 °C
time (h) %yield
1 43
2 45
4 41
6 43

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 1,2-dichloroethane (2 mL) at 23 °C for specified time

Table 32

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,

silver difluoride (0.476 mmol, 69.5 mg, 4 equiv) was added into the vial and the vial was sealed
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by a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The
vial was connected to a N»-filled Schlenck line, and 2 mL 1,2-dichloroethane was added. 2-
Bromoisobutyrophenone (0.119 mmol, 20.0 uL, 1 equiv) was added at once. The reaction was
allowed to stir for specified time at 23 °C, wrapped with aluminum foil. The reaction mixture
was passed through a short silica plug to remove the solid residue, and then 2x3 mlL ethyl
acetate was used to wash the vial and 2x1 mL was used to wash the silica plug. The resulting
solution was concentrated in vacuo. 12.0 puL a,a,a-trifluorotoluene was added into the residue as

internal standard and '°F NMR spectrum was taken to obtain the yield.

9.4. Influence of Concentration (a-bromoketone As the Substrate)

4 equiv AgF,

o o
Br  CICH,CH,CI F
>
23°C

solvent volume (mL) concentration (M) %yield

[ 0.05 2.38 60 |
0.1 1.19 58
0.2 0.60 55
0.5 0.24 45
4 0.03 38
6 0.02 22

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in 1,2-dichloroethane at 23 °C for 1 h

Table 33

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
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backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (0.476 mmol, 69.5 mg, 4 equiv) was added into the vial and the vial was sealed
by a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The
vial was connected to a No-filled Schlenck line, and specified amount of 1,2-dichloroethane was
added. 2-Bromoisobutyrophenone (0.119 mmol, 20.0 puL, 1 equiv) was added at once. The
reaction was allowed to stir for 1 hour at 23 °C, wrapped with aluminum foil. The reaction
mixture was passed through a short silica plug to remove the solid residue, and then 2x3
mL ethyl acetate was used to wash the vial and 2x1 mL was used to wash the silica plug. The
resulting solution was concentrated in vacuo. 12.0 uL a,0,0-trifluorotoluene was added into the

residue as internal standard and '’F NMR spectrum was taken to obtain the yield.

9.5. Influence of Reaction Time under Low Temperature
Since 0.05 mL and 0.1 mL experiments in Table 33 afforded similar yields of product,

these 2 volumes were investigated in the following low temperature experiments.



o 4 equiv AgF,

Br v mL CICH,CH,CI
-

1h0°C—» th23°C

\'} %yield

0 0.05 59
1 0.05 69
2 0.05 53
3 0.05 54
0 0.1 54
1 0.1 53
2 0.1 46
3 0.1 42

Bromide (0.119 mmol), and fluoride source (0.476 mmol) in V mL 1,2-dichloroethane at 0 °C for 1 h, then at 23 °C fort h

Table 34
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An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and

backfilled with nitrogen in a glovebox antechamber (three cycles).

In the glovebox,

silver difluoride (0.476 mmol, 69.5 mg, 4 equiv) was added into the vial and the vial was sealed

a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The vial

was connected to a N»-filled Schlenck line. V mL 1,2-dichloroethane was added and was cooled

to 0 °C for 1 min. 2-Bromoisobutyrophenone (0.119 mmol, 20.0 uL, 1 equiv) was added at

once, followed by stirring for 1 hour at 0 °C. The suspension was warmed to 23 °C, wrapped

with aluminum foil and stirred for additional specified time. The reaction mixture was passed

through a short silica plug to remove the solid residue, and then 2x3 mL ethyl acetate was used

to wash the vial and 2x1 mL was used to wash the silica plug. The resulting solution was
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concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene was added into the residue as internal

standard and '°F NMR spectrum was taken to obtain the yield.

9.6. Influence of Concentration (Tertiary a-Bromoester As the Substrate)

4 equiv AgF,
CICH,CH,CI

Oy 25 QL

1h0°C—> 1h23°C

solvent volume (mL) %yield
0.5 25
1 11
2 7
4 3

Bromide (0.238 mmol), and fluoride source (0.952 mmol) in specified volume of 1,2-dichloroethane at 0 °C for 1 h, then at 23 °C for1 h
Table 35

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (139.0 mg, 0.952 mmol, 4 equiv) was added into the vial and the vial was sealed
a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The vial
was connected to a Np-filled Schlenck line, and was cooled to 0 °C for 1 min. A solution
of phenyl 2-bromo-2-methylpropanoate (solution in 1,2-dichloroethane, specified volume,
0.238 mmol, 1 equiv) was added at once, followed by stirring for 1 hour at 0 °C. The suspension
was warmed to 23 °C, wrapped with aluminum foil and stirred for additional 1 hour. The

reaction mixture was passed through a short silica plug to remove the solid residue, and then 2x3
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mL ethyl acetate was used to wash the vial and 2x1 mL was used to wash the silica plug. The
resulting solution was concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene was added into the

residue as internal standard and '°F NMR spectrum was taken to obtain the yield.

9.7. Influence of Reaction Time under Low Temperature (Tertiary a-Bromoester As the
Substrate)

4 equiv AgF,
CICH,CH,CI

SPE= N4

1h0°C»>th23°C

t %yield
0.5 23
25
2 55
3 55
4 55

Bromide (0.238 mmol), and fluoride source (0.952 mmol) in 1,2-dichloroethane (0.5 mL) at 0 °C for 1 h, then at 23 °C fort h

Table 36

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (139.0 mg, 0.952 mmol, 4 equiv) was added into the vial and the vial was sealed
a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The vial
was connected to a Np-filled Schlenck line, and was cooled to 0 °C for 1 min. A solution

of phenyl 2-bromo-2-methylpropanoate (0.476M solution in 1,2-dichloroethane, 0.5 mL,
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0.238 mmol, 1 equiv) was added at once, followed by stirring for 1 hour at 0 °C. The suspension
was warmed to 23 °C, wrapped with aluminum foil and stirred for additional specified time. The
reaction mixture was passed through a short silica plug to remove the solid residue, and then 2x3
mL ethyl acetate was used to wash the vial and 2x1 mL was used to wash the silica plug. The
resulting solution was concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene was added into the

residue as internal standard and '°F NMR spectrum was taken to obtain the yield.

10. General Procedure for Fluorination of Tertiary Bromide

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (139.0 mg, 0.952 mmol, 4 equiv) was added into the vial and the vial was sealed
a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The vial
was connected to a N»-filled Schlenck line, and was cooled to 0 °C for 1 min. A solution
of tertiary bromide (0.476 M solution in 1,2-dichloroethane, 0.5 mL, 0.238 mmol, 1 equiv) was
added at once, followed by stirring for 1 hour at 0 °C. The suspension was warmed to 23 °C,
wrapped with aluminum foil and stirred for additional 2 hours. The reaction mixture was passed
through a short silica plug to remove the solid residue, and then 2x3 mL ethyl acetate was used
to wash the vial and 2x1 mL was used to wash the silica plug. The resulting solution was
concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene was added into the residue as internal
standard and '°F NMR spectrum was taken to obtain the yield. (The residue was purified by flash

chromatography on silica gel to afford the desired product.)
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11. Robustness Screen Experiments

An oven-dried 8 mL glass vial equipped with a magnetic stirring bar, was evacuated and
backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (139.0 mg, 0.952 mmol, 4 equiv) was added into the vial and the vial was sealed
a cap equipped with a PTFE-lined rubber septum and transferred out of the glovebox. The vial
was connected to a Np-filled Schlenck line, and was cooled to 0 °C for 1 min. A solution
of tertiary bromide (0.476 M solution in 1,2-dichloroethane, 0.5 mL, 0.238 mmol, 1 equiv) and a
solution of specified additive (0.476 M solution in 1,2-dichloroethane, 0.5 mL, 0.238 mmol,
1 equiv) was added at once, followed by stirring for 1 hour at 0 °C. The suspension was warmed
to 23 °C, wrapped with aluminum foil and stirred for additional 2 hours. The reaction mixture
was passed through a short silica plug to remove the solid residue, and then 2x3 mL ethyl
acetate was used to wash the vial and 2x1 mL was used to wash the silica plug. The resulting
solution was concentrated in vacuo. 12.0 pL a,0,a-trifluorotoluene and 7.0 pL. CH>Br> were
added into the residue as internal standards. '"H NMR spectrum was taken to obtain the additive

recovery yield and '°F NMR spectrum was taken to obtain the fluoride product yield.



4 equiv AgF,
Additive

@\ o CICH,CH,CI _ @\
o

1h0°C—»>2h23°C

Additive % yield Additive recovery % yield

h *
Sh )

NN TN Br 50
(o]
42

0\/\0© 1

27
N

30

24

85

100

Bromide (0.238 mmol) in 1,2-dichloroethane (0.5 mL) and specified additive (0.238 mmol) were injected into a vial containing

fluoride source (0.952 mmol). The mixture were stirred at 0 °C for 1 h, then at 23 °C for 2 h.

143
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Table 37

12. Characterization Data of a-bromoketone

(0]
Br

Br

2,4-dibromo-1-cyclohexyl-4-methylpentan-3-one
The title compound was isolated as clear colorless liquid.
TLC (SiO2) Rr=0.41 in 4:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 5.17 — 4.85 (m, 1H), 2.03 — 1.94 (m, 1H), 1.98 (d, /= 83.9
Hz, 6H), 1.84 — 1.77 (m, 3H), 1.77 — 1.60 (m, 4H), 1.50 (s, 1H), 1.34 — 1.12 (m, 4H), 1.07 —

0.82 (m, 2H).

13C NMR (126 MHz, Chloroform-d) & 198.21, 64.20, 43.84, 41.79, 35.19, 33.48, 32.25, 30.97,

29.23, 26.35,26.00, 25.91.
IR (neat) 2921, 2851, 1717, 1448 cm™!

GC/MS (m/2): 261.0 (7%), 243.9 (6%), 217.0 (21%), 199.0 (10%), 179.1 (48%), 109.1 (63%),

83.1 (90%), 55.1 (100%)
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Br Br

/\/\/\)\n)<

o
2,4-dibromo-2-methylundecan-3-one
The title compound was isolated as clear colorless liquid.
TLC (SiO2) Rr=0.40 in 4:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 4.95 (t, J = 7.2 Hz, 1H), 1.98 (d, J = 82.8 Hz, 6H), 1.55 —

1.17 (m, 9H), 0.88 (t, J = 6.9 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 198.04, 64.03, 45.69, 34.60, 31.70, 30.99, 29.19, 28.99,

27.31,22.60, 14.07.
IR (neat) 2925, 2855, 1717, 1456, 1104 cm™!

GC/MS (m/z): 263.0 (3%), 261.0 (3%), 243.9.0 (24%), 221.0 (18%), 121.0 (39%), 98.1 (60%),

84.1 (37%), 69.1 (100%),55.1 (55%)
Br

4-bromo-4-methyl-1-(p-tolyl)pentan-3-one

The title compound was isolated as clear colorless liquid.
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TLC (Si02) Rr= 0.44 in 4:1 hexanes/toluene, p-anisaldehyde stain

H NMR (500 MHz, Chloroform-d) & 7.10 (s, 4H), 3.11 (dd, J = 8.4, 6.9 Hz, 2H), 2.91 (t, I = 7.7

Hz, 2H), 2.32 (s, 3H), 1.81 (s, 6H).

13C NMR (126 MHz, Chloroform-d) & 204.84, 137.75, 135.69, 129.15, 128.25, 63.81, 38.22,

30.33,29.43,20.99.
IR (neat) 2971, 2925, 1711, 1109, 1071, 809 cm™!

GC/MS (m/z): 268.0 (1%), 119.1 (27%), 105.0 (100%)

Br o
Br

1,4-dibromo-4-methyl-1-(p-tolyl)pentan-3-one
The title compound was isolated as clear colorless liquid.
TLC (Si102) Rr=0.41 in 4:1 hexanes/toluene, p-anisaldehyde stain

TH NMR (500 MHz, Chloroform-d) & 7.12 (d, J = 1.2 Hz, 4H), 5.08 (ddd, J = 7.9, 6.8, 1.1 Hz,
1H), 3.44 (dd, J = 14.2, 6.9 Hz, 1H), 3.27 (dd, J = 14.1, 7.8 Hz, 1H), 2.32 (d, ] = 1.2 Hz,

3H), 1.99 (d, J = 1.2 Hz, 3H), 1.82 — 1.67 (m, 3H).

13C NMR (126 MHz, Chloroform-d) 8 198.16, 136.94, 133.73, 129.43, 129.23, 63.76, 45.81,

40.52,28.91, 21.12.
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IR (neat) 2970, 2927, 2359, 1716 cm™!

GC/MS (m/z): 269.0 (46%), 267.0 (51%), 145.0 (46%), 117.0 (49%), 105.0 (100%)

Br

oY

1,4-dibromo-4-methyl-1-(p-tolyl)pentan-3-one
The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.43 in 4:1 hexanes/toluene, p-anisaldehyde stain

TH NMR (500 MHz, Chloroform-d) & 7.30 (t, J = 7.5 Hz, 2H), 7.21 (d, ] = 7.4 Hz, 3H), 2.84 (t,J

=7.2 Hz, 2H), 2.67 (t, ] = 7.7 Hz, 2H), 2.08 — 1.93 (m, 2H), 1.85 (s, 6H).

13C NMR (126 MHz, Chloroform-d) & 205.40, 141.57, 128.44, 128.37, 125.95, 63.91, 35.34,

34.97, 29.56, 26.02.
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

13. Characterization Data of a-bromoester
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SNSP

Br
phenyl 2-bromo-2-methylpropanoate

Spectral data matches with the reported data. 3'®

4-(tert-butyl)phenyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (Si02) Ry=0.37 in 20:1 hexanes/ethyl acetate, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.47 — 7.33 (m, 2H), 7.10 — 6.98 (m, 2H), 2.07 (s, 6H),

1.32 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 170.38, 148.99, 148.39, 126.35, 120.27, 55.48, 34.50,

31.39, 30.65.
IR (neat) 2968, 2359, 1750, 1265, 1170, 1139, 1099 cm!

GC/MS (m/z): 300.0 (12%), 298.0 (12%), 285.0 (46%), 283.0 (46%), 135.1 (100%)
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\@\ (o)
. )‘\I/
Br
4-chlorophenyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.

TLC (Si02) Ry=0.37 in 20:1 hexanes/ethyl acetate, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) 8 7.42 — 7.31 (m, 2H), 7.08 (dd, J = 8.4, 1.6 Hz, 2H), 2.06

(d, J=1.2 Hz, 6H).
13C NMR (126 MHz, Chloroform-d) § 170.04, 149.19, 131.57, 129.56, 122.44, 55.10, 30.54.
IR (neat) 2970, 1750, 1403, 1228, 1085 cm!

GC/MS (m/z): 277.9 (15%), 275.9 (10%), 148.9 (22%), 128.0 (100%), 121.0 (52%)

S\ P

Br
4-fluorophenyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.34 in 20:1 hexanes/ethyl acetate, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) 8 7.10 (s, 2H), 7.09 (d, J = 2.6 Hz, 2H), 2.06 (s, 6H).
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13C NMR (126 MHz, Chloroform-d) & 170.29, 161.37, 159.42, 146.53, 122.50, 122.44, 116.26,

116.07, 55.15, 30.56.
19F NMR (376 MHz, Chloroform-d) & -116.93 (q, ] = 6.4 Hz).
IR (neat) 2970, 2359, 1750, 1501, 1178, 1134, 1100 cm™!

GC/MS (m/z): 262.0 (15%), 260.0 (15%), 151.0 (21%), 149.0 (21%), 123.0 (37%), 121.0 (37%),

112.1 (100%)

o

O

Y

Br
3-acetylphenyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (S102) Rr=0.35 in 15:1 hexanes/ethyl acetate, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 7.86 (dq, J = 7.9, 1.4 Hz, 1H), 7.71 (q, J = 1.8 Hz, 1H),
7.52 (td, J = 7.9, 1.4 Hz, 1H), 7.35 (ddt, J = 8.2, 2.6, 1.2 Hz, 1H), 2.62 (d, J = 1.4 Hz, 3H),

2.08 (d, J = 1.4 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) 8 196.84, 170.10, 150.96, 138.60, 129.76, 126.14, 125.86,

120.88, 55.03, 30.57, 26.70.

IR (neat) 2969, 2359, 1752, 1686, 1217, 1101 cm'!
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GC/MS (m/z): 286.0 (18%), 284.0 (18%), 150.9 (19%), 148.9 (19%), 121.0 (100%)

o)

Y

Br Br
2-bromophenyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (Si02) Ry= 0.41 in 20:1 hexanes/ethyl acetate, p-anisaldehyde stain

'"H NMR (500 MHz, Chloroform-d) & 7.62 (dt, J = 8.0, 1.3 Hz, 1H), 7.44 — 7.29 (m, 1H), 7.22 —

7.08 (m, 2H), 2.12 (d, J = 1.1 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 169.31, 147.99, 133.46, 128.55, 127.63, 123.14, 115.87,

54.93, 30.81.
IR (neat) 2969, 2359, 1756, 1471, 1214, 1134, 1098 cm!

GC/MS (m/z): 322.0 (9%), 174.0 (100%), 172.0 (100%), 123.0 (52%), 121.0 (52%)

o)

Y

Br

neopentyl 2-bromo-2-methylpropanoate
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The title compound was isolated as clear colorless liquid.

TLC (Si02) Rris unavailable, since it cannot be visualized on TLC plate.

"TH NMR (500 MHz, Chloroform-d) & 3.86 (s, 2H), 1.95 (s, 6H), 0.98 (s, 9H).
13C NMR (126 MHz, Chloroform-d) 8 171.65, 75.09, 56.02, 31.70, 30.83, 26.35.
IR (neat) 2970, 2360, 1736, 1366, 1161 cm™!

GC/MS (m/z): 236.9 (1%), 183.0 (34%), 181.0 (34%), 123.0 (33%), 121.0 (33%), 71.1 (84%),

57.1 (100%)

o
EtO\/\O JI\I/
Br

neopentyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (SiO2) Rris unavailable, since it cannot be visualized on TLC plate.

'H NMR (500 MHz, Chloroform-d) & 4.38 — 4.25 (m, 2H), 3.71 - 3.61 (m, 2H), 3.61 — 3.49 (m,

2H), 1.94 (s, 6H), 1.21 (td, J = 7.0, 1.4 Hz, 3H).
13C NMR (126 MHz, Chloroform-d) & 171.65, 67.89, 66.67, 65.17, 55.70, 30.74, 15.12.
IR (neat) 2970, 2869, 2359, 1736, 1107 cm™!

GC/MS (m/z): 238.9 (1%), 123.0 (12%), 121.0 (12%), 114.1 (30%), 72.1 (100%), 59.1 (54%)
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octyl 2-bromo-2-methylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (Si0O2) Ryis unavailable, since it cannot be visualized on TLC plate.

IH NMR (500 MHz, Chloroform-d) & 4.17 (td, J = 6.6, 1.3 Hz, 2H), 1.93 (d, J = 1.3 Hz, 6H),

1.67 (g, J = 7.1 Hz, 2H), 1.45 — 1.16 (m, 10H), 0.99 — 0.81 (m, 3H).

13C NMR (126 MHz, Chloroform-d) & 171.72, 66.15, 55.98, 31.73, 30.77, 29.12, 28.33, 25.77,

22.61, 14.06.
IR (neat) 2926, 2360, 1736, 1161 cm™

GC/MS (m/z): 279.0 (1%), 169.0 (18%), 167.0 (18%), 123.0 (25%), 121.0 (25%), 112.1 (51%),

71.1 (93%), 57.1 (100%)

(0 k

(1R,2S5,5R)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-methylpropanoate

The title compound was isolated as clear colorless liquid.
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TLC (Si02) Rr=0.41 in 8:1 hexanes/ethyl acetate, p-anisaldehyde stain

1H NMR (500 MHz, Chloroform-d) & 4.70 (td, J = 10.9, 4.4 Hz, 1H), 2.08 — 1.96 (m, 2H), 1.92
(s, 6H), 1.70 (dt, J = 11.7, 2.9 Hz, 2H), 1.57 — 1.41 (m, 2H), 1.15 — 0.96 (m, 2H), 0.91 (dd, J =

6.8, 5.4 Hz, 6H), 0.77 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 171.13, 75.98, 56.32, 46.99, 40.12, 34.20, 31.34, 30.77,

30.72, 26.10, 23.26, 21.98, 20.77, 16.10.
IR (neat) 2955, 2927, 2870, 1729, 1274, 1167 cm!

GC/MS (m/z): 156.0 (1%), 138.1 (21%), 83.1 (100%)

Br

3

(1R,25,55)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-phenylpropanoate
The title compound was isolated as clear colorless liquid.
TLC (Si02) Ry=0.37 in 8:1 hexanes/ethyl acetate, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.55 (dd, J = 7.8, 2.7 Hz, 1H), 7.38 — 7.26 (m, 4H), 4.72
(dtp, J = 21.2, 10.4, 5.4, 4.9 Hz, 1H), 2.29 (d, J = 5.2 Hz, 3H), 2.08 — 1.97 (m, 1H), 1.66 (ddt, J =
14.9,11.8, 3.2 Hz, 3H), 1.11 — 0.92 (m, 2H), 0.90 (dt, J = 5.4, 2.7 Hz, 4H), 0.87 — 0.73 (M, 5H),

0.69 (dd, J = 21.5, 7.0 Hz, 3H).
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13C NMR (126 MHz, Chloroform-d) & 170.92, 170.40, 170.33, 141.31, 140.98, 136.84, 136.73,
75.47, 75.30, 62.64, 62.47, 54.92, 54.88, 47.09, 46.89, 46.78, 40.83, 40.26, 40.06, 39.84, 34.21,
34.13, 32.26, 32.09, 31.42, 31.38, 31.34, 31.27, 26.12, 25.74, 25.67, 23.25, 23.06, 21.99, 20.75,

20.71, 20.64, 20.52, 16.15, 15.88, 15.85.
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

14. Characterization Data of 3-bromo-3-methylbutyl benzoate
o
The title compound was isolated as clear colorless liquid.

TLC (Si02) Ry= 0.41 in 8:1 hexanes/ethyl acetate, p-anisaldehyde stain

1H NMR (500 MHz, Chloroform-d) & 8.09 — 7.96 (m, 2H), 7.55 (d, J = 7.5 Hz, 1H), 7.44 (t, J =

7.7 Hz, 2H), 4.58 (t, J = 6.7 Hz, 2H), 2.31 (t, J = 6.7 Hz, 2H), 1.86 (s, 6H).

13C NMR (126 MHz, Chloroform-d) § 166.42, 132.99, 130.10, 129.54, 128.38, 64.25, 63.08,

45.44,34.73.
IR (neat) 2967, 1717, 1388, 1271, 1110 cm!

GC/MS (m/z): 206.9 (1%), 105.0 (100%), 77.1 (51%), 69.1 (60%)
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15. Characterization Data of a-fluoroketone

0]
F

2-fluoro-2-methyl-1-phenylpropan-1-one

Spectral data matches with the reported data.

Br

2-bromo-1-cyclohexyl-4-fluoro-4-methylpentan-3-one

The title compound was prepared with a '"F NMR yield of 47%, and was isolated as clear

colorless liquid (44%, 29.2 mg).
TLC (Si02) Ry= 0.35 in 4:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) 6 5.19 — 4.81 (m, 1H), 2.17 — 1.82 (m, 2H), 1.82 — 1.59 (m,

8H), 1.59 — 1.33 (m, 5H), 1.18 (d, J = 46.6 Hz, 4H), 1.07 — 0.71 (m, 2H).

13C NMR (126 MHz, Chloroform-d) & 205.59, 98.56 (d, J = 181.8 Hz), 42.83, 40.21, 35.61,

33.16, 32.45, 26.31, 25.99 (d, J = 16.9 Hz), 24.90, 24.71.
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19F NMR (376 MHz, Chloroform-d) & -149.80 — -150.08 (m, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

4-bromo-2-fluoro-2-methylundecan-3-one

The title compound was prepared with a 'F NMR yield of 46%, and was isolated as clear

colorless liquid (42%, 28.1 mg).
TLC (Si02) Ry=0.33 in 4:1 hexanes/toluene, p-anisaldehyde stain

!H NMR (500 MHz, Chloroform-d) & 4.84 (td, J = 7.3, 2.1 Hz, 1H), 2.14 — 1.87 (m, 2H), 1.68 (d,

J=21.5Hz, 2H), 1.53 — 1.39 (m, 4H), 1.39 — 1.15 (m, 10H), 0.88 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) § 205.50, 44.71, 33.01, 31.66, 28.97, 27.30, 26.27, 24.58,

2257, 14.04.
19F NMR (376 MHz, Chloroform-d) & -149.96 — -150.17 (m, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/z): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)
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F

4-fluoro-1-(4-(fluoromethyl)phenyl)-4-methylpentan-3-one

The title compound was prepared with a 19F NMR yield of 55%, and was isolated as clear

colorless liquid (48%, 25.8 mg).
TLC (SiO2) Rr= 0.34 in 4:1 hexanes/toluene, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.36 — 7.27 (m, 2H), 7.23 (d, J = 7.8 Hz, 2H), 5.34 (d, J =

48.0 Hz, 2H), 3.08 — 2.87 (m, 4H), 1.42 (d, J = 21.3 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 211.33, 141.72, 134.07, 128.58, 127.91, 98.89 (d, J =

178.9 Hz), 84.47 (d, J = 165.5 Hz), 37.91, 28.70, 23.97, 15.26.
19F NMR (376 MHz, Chloroform-d) & -137.77 — -169.55 (m, 1F), -205.36 (t, J = 47.9 Hz, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/z): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

Br (o]
F

1-bromo-4-fluoro-1-(4-(fluoromethyl)phenyl)-4-methylpentan-3-one
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The title compound was prepared with a '°F NMR vyield of 15%, and was isolated as clear

colorless liquid (44%, 31.9 mg).
TLC (Si02) Rr=0.31 in 4:1 hexanes/toluene, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) § 7.30 (d, J = 6.9 Hz, 2H), 7.28 — 7.14 (m, 2H), 5.33 (d, J =
47.8 Hz, 2H), 5.04 (d, J = 6.9 Hz, 1H), 3.67 — 3.00 (m, 4H), 1.62 (d, J = 21.5 Hz, 3H), 1.13 (d, J

= 21.5 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 204.63, 137.60, 135.13, 129.66, 127.82, 98.37 (d, J =

181.7 Hz), 84.19 (d, J = 166.4 Hz), 42.80, 38.90, 26.15, 24.07.
19F NMR (376 MHz, Chloroform-d) & -141.92 — -159.86 (m, 1F), -207.46 (m, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

2-fluoro-2-methyl-6-phenylhexan-3-one

The title compound was prepared with a 'F NMR yield of 41%, and was isolated as clear

colorless liquid (45%, 22.3 mg).

TLC (Si02) Ry=0.37 in 4:1 hexanes/toluene, p-anisaldehyde stain
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IH NMR (500 MHz, Chloroform-d) & 8.03 (d, J = 7.9 Hz, 1H), 7.61 (t, J = 7.2 Hz, 1H), 7.52 (d,

J=7.5Hz, 1H), 7.39 (M, 2H), 3.61 — 2.89 (m, 2H), 1.59 (d, J = 7.4 Hz, 6H), 1.53 — 1.15 (m, 4H).

13C NMR (126 MHz, Chloroform-d) & 202.52, 133.18, 128.61, 128.05, 31.65, 30.58, 24.35,

24.16.
19F NMR (376 MHz, Chloroform-d) & -149.51 (d, J = 21.8 Hz, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/z): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

16. Characterization Data of a-fluoroester

\'OJ\|/

F
phenyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a 'F NMR yield of 55%, and was isolated as clear

colorless liquid (61%, 26.4 mg).
TLC (Si02) Rr=0.30 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.45 — 7.33 (m, 2H), 7.29 — 7.24 (m, 1H), 7.18 — 7.02 (m,

2H), 1.75 (d, J = 21.1 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 170.69, 150.27, 129.52, 126.21, 121.17, 92.64 (d, J =
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182.7 Hz), 24.88.
19F NMR (376 MHz, Chloroform-d) & -147.66 — -147.92 (m, 1F).
IR (neat) 2991, 2918, 2358, 1775, 1191, 1162, 1116 cm™!

GC/MS (m/z): 182.0 (6%), 112.0 (5%), 94.0 (100%), 77.0 (5%), 61.0 (20%)

4-(tert-butyl)phenyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a '°F NMR yield of 46%, and was isolated as clear

colorless liquid (40%, 22.7 mg).
TLC (Si02) Rr=0.29 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.40 (d, J = 8.7 Hz, 2H), 7.07 — 6.97 (m, 2H), 1.82 — 1.65

(m, 6H), 1.32 (s, 9H).

13C NMR (126 MHz, Chloroform-d) § 147.91, 126.40, 120.44, 92.65 (d, J = 182.4 Hz), 34.50,

31.37,24.89.
19F NMR (376 MHz, Chloroform-d) & -140.47 — -159.35 (m, 1F).

IR (neat) 2962, 2870, 1778, 1206, 1106 cm™
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GC/MS (m/z): 238.1 (8%), 223.1 (5%), 205.1 (2%), 150.1 (9%), 135.1 (100%), 107.0 (13%)

4-chlorophenyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a 'F NMR yield of 44%, and was isolated as clear

colorless liquid (59%, 30.4 mg).
TLC (SiO2) Rr=0.28 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.37 (d, J = 8.9 Hz, 2H), 7.13 — 6.98 (m, 2H), 1.74 (dd, J

=21.1, 2.9 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) § 170.69, 148.71, 131.67, 129.60, 122.57, 92.61 (d, J =

183.2 Hz), 25.04.
F NMR (376 MHz, Chloroform-d) & -139.78 — -165.46 (m, 1F).
IR (neat) 2992, 2918, 2849, 2359, 1778, 1487, 1163, 1116, 1089 cm !

GC/MS (m/z): 216.0 (5%), 207.0 (2%), 128.0 (100%), 61.1 (24%)
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F
4-fluorophenyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a 19F NMR yield of 55%, and was isolated as clear

colorless liquid (59%, 28.1 mg).
TLC (SiO2) Rr= 0.24 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain
'H NMR (400 MHz, Chloroform-d) § 7.09 (d, J = 6.2 Hz, 4H), 1.74 (d, J = 21.1 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 170.72, 161.38, 159.44, 146.04, 122.59, 116.12, 93.34,

91.89, 24.85.
19F NMR (376 MHz, Chloroform-d) & -116.78 (t, J = 6.5 Hz, 1F), -147.82 (p, J = 21.1 Hz, 1F).
IR (neat) 3083, 2992, 2917, 2358, 1777, 1502, 1179, 1152, 1114 cn1”!

GC/MS (m/z): 200.0 (5%), 112.0 (100%), 61.1 (18%)

3-acetylphenyl 2-fluoro-2-methylpropanoate
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The title compound was prepared with a ’F NMR yield of 69%, and was isolated as pale yellow

colorless liquid.
TLC (Si02) Rr=0.20 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.86 (dt, J = 7.8, 1.3 Hz, 1H), 7.70 (t, J = 2.0 Hz, 1H),
7.52 (t, J = 7.9 Hz, 1H), 7.34 (ddd, J = 8.1, 2.4, 1.0 Hz, 1H), 2.62 (s, 3H), 1.77 (d, J = 21.1 Hz,

6H).

13C NMR (126 MHz, Chloroform-d) & 196.79, 170.75, 150.51, 138.63, 129.80, 126.01, 121.00,

92.62 (d, J =183.2 Hz), 26.68, 24.87.
F NMR (376 MHz, Chloroform-d) 6 -147.80 (p, J = 20.9 Hz, 1F).
IR (neat) 2992, 2919, 1775, 1686, 1259, 1112 cm™!

GC/MS (m/z): 224.0 (%), 208.9 (1%), 136.0 (39%), 121.0 (100%), 66.1 (27%)

o)

Ay

Br F
2-bromophenyl 2-bromo-2-methylpropanoate

The title compound was prepared with a "F NMR yield of 41%, and was isolated as clear

colorless liquid.

TLC (Si02) Rr=0.28 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain
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1H NMR (500 MHz, Chloroform-d) & 7.63 (dd, J = 8.3, 1.5 Hz, 1H), 7.41 — 7.28 (m, 1H), 7.21 —

7.12 (m, 2H), 1.81 (d, J = 21.2 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 169.87, 147.57, 133.54, 128.59, 127.74, 123.44, 92.78 (d,

J =182.8 Hz), 24.99.
F NMR (376 MHz, Chloroform-d) § -147.37 (p, J = 21.3 Hz, 1F).
IR (neat) 2991, 2941, 1783, 1470, 1209, 1123, 1103 cm™!

GC/MS (m/z): 261.9 (4%), 259.9 (4%), 173.9 (95%), 171.9 (100%), 61.1 (30%)

oY

F
neopentyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a '°F NMR yield of 48%, and was isolated as clear

colorless liquid.
TLC (Si102) Rris unavailable, since it cannot be visualized on TLC plate.

IH NMR (500 MHz, Chloroform-d) & 3.88 (s, 2H), 1.60 (dd, J = 21.1, 0.7 Hz, 6H), 0.96 (d, J =

0.7 Hz, 9H).
13C NMR (126 MHz, Chloroform-d) & 172.18, 92.66 (d, J = 180.7 Hz), 31.51, 26.30, 24.92.

19F NMR (376 MHz, Chloroform-d) & -147.31 — -147.49 (m, 1F).
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IR (neat) 2960, 2872, 1758, 1742, 1150 cm™!

GC/MS (m/z): 161.1 (1%), 121.0 (14%), 71.1 (61%), 57.1 (100%)

( 0

o\/\oJl\i/

F
2-ethoxyethyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a '°F NMR yield of 50%, and was isolated as clear

colorless liquid.
TLC (SiO2) Rris unavailable, since it cannot be visualized on TLC plate.

IH NMR (400 MHz, Chloroform-d) & 4.56 — 4.17 (m, 2H), 3.66 (ddd, J = 6.1, 3.9, 1.6 Hz, 2H),

3.60 — 3.39 (m, 2H), 1.60 (dd, J = 21.2, 1.0 Hz, 6H), 1.27 — 0.70 (m, 3H).

13C NMR (101 MHz, Chloroform-d) & 68.00, 66.62, 64.50, 25.07, 24.83, 15.08.
19F NMR (376 MHz, Chloroform-d) 5 -147.81 (p, J = 21.2 Hz, 1F).

IR (neat) 2977, 2925, 2871, 2359, 1756, 1741, 1157 cm™!

GC/MS (m/z): 133.0 (20%), 72.0 (76%), 60.1 (86%), 59.1 (100%)
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Oct” F
o)
octyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a '’F NMR yield of 63%, and was isolated as clear

colorless liquid (51%, 28.2 mg).
TLC (Si0O2) Ry is unavailable, since it cannot be visualized on TLC plate.
TLC (SiO2) Rr=0.41 in 4:1 hexanes/toluene, p-anisaldehyde stain

1H NMR (400 MHz, Chloroform-d) 8 4.17 (t, J = 6.8 Hz, 2H), 1.78 — 1.64 (m, 3H), 1.58 (d, J =

21.2 Hz, 6H), 1.45 — 1.16 (m, 12H), 0.88 (t, J = 6.5 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) § 172.51, 92.72 (d, J = 181.4 Hz), 65.66, 52.99, 31.73,

29.11, 28.47, 25.74, 24.88, 22.60, 14.05.
F NMR (376 MHz, Chloroform-d) & -147.80 (p, J = 21.2, 20.7 Hz, 1F).
IR (neat) 2956, 2927, 2857, 2359, 1756, 1738, 1159 cm™!

GC/MS (m/2): 157.1 3%), 107.0 (23%), 84.1 (30%), 72.0 (85%), 57.1 (100%)

o k



168

(1R,2S5,5R)-2-isopropyl-5-methylcyclohexyl 2-fluoro-2-methylpropanoate

The title compound was prepared with a '°F NMR vyield of 39%, and was isolated as clear

colorless liquid.
TLC (Si02) Rr=0.20 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

1H NMR (500 MHz, Chloroform-d) & 4.75 (td, J = 11.0, 4.5 Hz, 1H), 2.06 — 1.79 (m, 2H), 1.78
—1.65 (m, 2H), 1.58 (dt, J = 21.2, 3.1 Hz, 6H), 1.51 — 1.35 (m, 1H), 1.15 — 0.97 (m, 2H), 0.91 (t,

J=6.5Hz, 6H), 0.76 (d, J = 6.9 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 171.81, 92.68 (d, J = 181.1 Hz), 46.89, 40.53, 34.15,

31.36, 26.23, 24.78, 23.29, 21.95, 20.72, 16.07.
F NMR (376 MHz, Chloroform-d) & -147.60 (p, J = 21.3 Hz, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm ™

GC/MS (m/z): 155.0 (1%), 138.1 (30%), 123.1 (25%), 109.1 (5%), 96.1 (60%), 83.1 (100%),

69.1 (38%), 55.1 (40%)

3

(1R,25,55)-2-isopropyl-5-methylcyclohexyl 2-bromo-2-phenylpropanoate

The title compound was prepared with a '°F NMR yield of 49%, and was isolated as clear
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colorless liquid. 1.25:1 d.r. was obtained, determined by '"H NMR.
TLC (Si02) Rr=0.20 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 7.56 — 7.46 (m, 2H), 7.36 (dt, J = 12.3, 7.1 Hz, 3H), 4.81
—4.65 (M, 1H), 1.92 (dd, J = 22.2, 4.7 Hz, 6H), 1.65 (d, J = 12.2 Hz, 4H), 1.54 — 1.24 (m, 4H),
1.00 (d, J = 12.0 Hz, 1H), 0.97 — 0.82 (m, 6H), 0.76 (dd, J = 21.4, 7.0 Hz, 3H), 0.59 (dd, J = 14.9,

7.1 Hz, 3H).

13C NMR (126 MHz, Chloroform-d) & 170.58, 170.37, 139.32, 128.52, 128.42, 128.30, 128.13,
124.79, 124.73, 124.47, 124.40, 94.41 (d, J = 187.8 Hz), 46.95, 40.37, 40.26, 34.14, 31.35, 25.95,

25.82, 24.21, 24.03, 23.21, 21.93, 20.63, 20.58, 15.90.
F NMR (376 MHz, Chloroform-d) & -149.92 (d, J = 22.4 Hz), -152.15. (two diastereomers)
IR (neat) 2955, 2931, 2359, 1754, 1732, 1181, 1161 cm™!

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

17. Characterization Data of 3-fluoro-3-methylbutyl benzoate

F><\/O\[

(o)

The title compound was prepared with a '"F NMR yield of 73%, and was isolated as clear

colorless liquid.
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TLC (Si02) Rr=0.34 in 8:1 hexanes/ethyl acetate, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) & 8.07 (dt, J = 7.9, 1.9 Hz, 2H), 7.69 — 7.56 (m, 1H), 7.56 —

7.41 (m, 2H), 4.80 — 4.44 (m, 2H), 2.16 (dtd, J = 19.4, 8.7, 7.6, 4.2 Hz, 2H), 1.63 — 1.41 (m, 6H).

13C NMR (126 MHz, Chloroform-d) § 166.52, 132.97, 130.23, 129.55, 128.40, 94.28 (d, J =

165.7 Hz), 39.96, 27.21.
19F NMR (376 MHz, Chloroform-d) & -138.52 (dg, J = 41.8, 20.7 Hz, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/2): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

18. Characterization Data of 2-fluoro-2-methyl-1-(pyrrolidin-1-yl)propan-1-one
o
CT JI\|/
F
The title compound was isolated as clear colorless liquid (89%, 26.9 mg).

TLC (Si02) Ry is unavailable.

1H NMR (500 MHz, Chloroform-d) & 3.82 — 3.04 (m, 4H), 1.86 (dt, J = 60.2, 6.8 Hz, 4H), 1.59

(d, J = 21.9 Hz, 6H).
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13C NMR (126 MHz, Chloroform-d) & 170.90, 96.36 (d, J = 181.8 Hz), 47.69, 47.17, 36.62,

26.88, 25.39, 23.16.
F NMR (376 MHz, Chloroform-d) 6 -146.61 (p, J = 22.0 Hz, 1F).
IR (neat) 3369, 2968, 1600, 1450, 1216, 1047, 777, 702 cm™!

GC/MS (m/z): 176.1 (16%), 131.0 (68%), 105.0 (100%), 91.0 (72%), 77.0 (32%)

19. Characterization Data of (E)-3,7-dimethylocta-2,6-dien-1-yl 2-fluoro-2-

methylpropanoate

)\/\)\/\o

F

The title compound was isolated as clear colorless liquid (92%, 44.5 mg).
TLC (Si102) Rr=0.28 in 8:1 hexanes/ethyl acetate, p-anisaldehyde stain

1H NMR (500 MHz, Chloroform-d) & 5.53 — 5.21 (m, 1H), 5.18 — 4.97 (m, 1H), 4.69 (d, J = 7.1

Hz, 2H), 2.29 — 1.78 (m, 4H), 1.82 — 1.64 (m, 6H), 1.60 (s, 6H), 1.55 (s, 3H).

13C NMR (126 MHz, Chloroform-d) § 172.24, 143.05, 131.84, 123.59, 117.67,92.77 (d, J =

181.7 Hz), 62.36, 39.47, 26.19, 25.64, 24.86, 17.65, 16.47.
19F NMR (376 MHz, Chloroform-d) & -147.76 (p, J = 21.2 Hz, 1F).

IR (neat) 2986, 2927, 2856, 1756, 1737, 1145 cm™'
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GC/MS (m/z): 242.1 (1%), 136.1 (10%), 93.1 (21%), 69.1 (100%)
20. Characterization Data of 4-iodophenyl 2-fluoro-2-methylpropanoate
|
\©\ I
OJKI/
F
The title compound was isolated as clear colorless liquid (84%, 51.7 mg).

TLC (SiO2) Rr=0.26 in 4:1 hexanes/diethyl ether, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) 8 7.71 (d, J = 8.3 Hz, 2H), 6.89 (d, J = 8.3 Hz, 2H), 1.73 (d,

J=21.1 Hz, 6H).

13C NMR (126 MHz, Chloroform-d) & 170.56, 150.12, 138.59, 123.37, 92.61 (d, J = 183.1 Hz),

90.31, 25.03.
19F NMR (376 MHz, Chloroform-d) § -147.79 (p, J = 21.2 Hz, 1F).
IR (neat) 2991, 2918, 2358, 1775, 1191, 1162, 1116 cm™!

GC/MS (m/z): 182.0 (6%), 112.0 (5%), 94.0 (100%), 77.0 (5%), 61.0 (20%)
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Chapter IV. Synthesis of 2,3-Difluoro-2,3-dihydrobenzofuran

1. Property of Benzofuran
Benzofuran is the heterocyclic compound consisting of fused benzene and furan rings.
Many bioactive molecules as well as pharmaceuticals, molecular electronic and

functional polymers consist of benzofuran as their cores.*23%!

In spite of the significance of benzofurans in medicinal development, the
functionalization of benzofurans remains undeveloped at some extent. Currently, known

322-325

examples of benzofuran transformations focus on 2,3 functionalization as well as 2-position

326-329 330-332

deprotonation and 3-position electrophilic aromatic substitution. Records of

benzofuran derived aryne also show another category of benzofuran reactivity.>*?

2. 2-Position Fuctionalization

This might be the most explored category of benzofuran chemistry. Conventionally, due
to the relatively low pKa of 2-H (32.7 in DMSO at 25 °C),*** people can relatively conveniently
and selectively deprotonate that position and use proper electrophiles to make functionalization
possible, by using alkyl lithiums with or without TMEDA, or using lithium amide bases. For
example, tetracycle in Scheme 79 could be synthesized with a route started from benzofuran.
The initial step was deprotonation of C2 on benzofuran with n-BuLi and treatment of DMF,
forming benzofuran-2-carbaldehyde (Scheme 79).32° In addition, the synthesis of 2-
benzofuranylboronic acid could be accomplished with a similar manner, by treating benzofuran

with nBuLi followed by triisopropyl borate.>*” The resulting boronic acid is a powerful handle to
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MeOZC\(\N
7 ~0 1. nBulLi,-78°
THF 70 N 72
oc
2. DMF, -78 °C

Scheme 79

obtain diversified functionality.?3>33

Metalation of C2 on benzofuran followed by cross coupling or nucleophilic addition
could also be useful tools for benzofuran 2-position functionalization. Zincation of benzofuran
using ZnCl,-TMEDA/LiTMP and subsequent cross coupling with aryl chloride was reported by

Mongin and his co-workers (Scheme 80).%2® Zincate at the C2 position of benzofuran was

1. 0.5 equiv ZnCl,-TMEDA
1.5 equiv LiTMP
THF, 23 °C

(o) 2. 0.5 equiv I, (o)

Scheme 80

prepared at room temperature by using a mixed base generated in situ from a 1:3 mixture of
ZnCl> TMEDA/LITMP. This sequence could readily install a variety of functionality on 2-

position.

With the initial reaction occurring at the less electron-rich carbon atom, C2-selective
cross-coupling of polybromobenzofuran is also feasible. 2,3-dibromobenzofuran could be
sequentially functionalized at the C2 position and then the C3 position in a one-pot fashion in a

(PhsP)4Pd-catalyzed Suzuki—Miyaura coupling reaction using two different aryl boronic acids
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(Scheme 81).>*° Negishi and Sonogashira couplings also occurred at the C2 position of 2,3,5-

tribromobenzofuran first. However, it was more challenging to differentiate the C3 and C5

5 mol% Pd(PPh;),
1 equiv ArB(OH),

Br Br
aq K2C03
TN > \
| _ Br dioxane Ar
o 70 °C o
Scheme 81

positions by a palladium-catalyzed coupling. This was solved by a lithium—bromide exchange

with #-BuLi that occurred selectively at the C3 position or by a nickel-catalyzed C5-selective

Kumada coupling (Scheme 82).%%7

KMgBr
Br . Br
Br [NiCly(dppe)]
-0 -
~o THF, 23 °C o

Scheme 82

3. 3-Position Electrophilic Aromatic Substitution
Friedel-Crafts aroylation of benzofuran derivatives with 4-methoxy benzoyl chloride in

SnCly afforded the corresponding methanones (Scheme 83).3%° This Friedel-Crafts aroylation
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Cl O

0 O OMe
A\ OMe -
O[o/ snCl, O N\
o

//COZH

(0

\ 7
NG

KB130015

Scheme 83

was applied in initial steps of synthesis of a novel antiarrhythmic compound (KB130015). 2-

position reaction site has to be blocked to improve the yield.

Similarly, a 3-position bromination was accomplished by blocking 2-position with a
methyl group. Treated with NBS, 2-methyl benzofuran was converted to 3-bromo-2-methyl-

benzofuran (Scheme 84).%3!
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NBS P
| N > N\
Z o0 THF o
Scheme 84

Unlike the examples of Friedel-Crafts reaction®** and bromination®*!, the Yb-catalyzed
electrophilic substitution of benzofuran introduced by Wang and his co-worker, did not require a
substituent to block the 2 position (Scheme 85). The o-hydroxy ester was built in a

regioselective manner.>*

(0]
HJ]\COZEt HO 0
5 mol% Yb(OTf
N\ o YbIOTHs - OEt
(o) CH2C|2 \
23 °C o
76%

Scheme 85

4. 2,3-Benzofuryne
In 1902, Stoermer and Kahlert observed the formation of 2-ethoxybenzofuran on
treatment of 3-bromobenzofuran with bases in ethanol and hypothesized the formation of ortho-

didehydrobenzofuran (2,3-didehydrobenzofuran) as a reactive intermediate (Scheme 86).%%
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KOH
Br
EtOH \
\ > OEt
(o)
o)
76%

Scheme 86

Although it was the first proposal of an aryne in the literature, people seem to overlook

this type of aryne and did not provide a solid evidence of 2,3-benzofuryne.

5. 2,3 Functionalization

Benzofuran is an aromatic system, however, its C=C double bond between 2- and 3-
positions still inherits part of benzofuran’s parent molecule, furan’s chemical properties (since
the degree of aromaticity of benzofuran is not very high, naphthalene (33.6) > benzothiophene
(24.8) > indole (23.8) > benzofuran (20.3)).3*33*° For example, addition reaction can happen on
benzofurans when treated with bromine. In their total synthesis of eupomatenoids 3, 4, 5, 6, and
15, Bach and his co-worker prepared their substrate 2,3-dibromo-2,3-dihydrobenzofuran from

the reaction between bromine and benzofuran (Scheme 87).3%
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B Br
N \ ra
| >
Z o0 THF o Br
Scheme 87

Catalytic hydrogenation of benzofurans under most common conditions is accompanied
by partial cleavage of the furan ring and formation of 2-ethylcyclohexanol and B-cyclohexylethyl
alcohol. For example, in 1959, Oliver and their co-workers found that in liquid ammonia, 2-
methylbenzofuran and the corresponding dihydro compound were reduced with a ring cleavage

to afford o-propylphenol (Scheme 88).3%

Na, NH Na, NH
CO- e O =0
(o) OH o)

Scheme 88

Benzofurans can undergo facile reaction with ozone. Wacek and his co-workers
discovered ozonlysis as a degradative solution in the benzofurans. Benzofuran can produce 25%

salicyclic acid, 40% salicylaldehyde and 10% catechol under typical ozonlysis condition.***

It is viable to make cyclopropanes on benzofurans with carbenoids. In the synthesis of
diazonamide A, Wood and his co-workers demonstrated after much experimentation
cyclopropanation occurred with dirhodium(II) caprolactamate (Rha(cap)s) in refluxing CH2Cl,

(Scheme 89).2%



180

Nz\\/(o O CO,Me
HO —_— o Rhy(cap),
> . —
N { Y

COo,M

Rhy(cap), =

Scheme 89

6. Benzofuran Fluorination

The C(3)-position in 2-arylbenzofurans is usually a metabolic soft spot in vivo.**
Therefore, introduction of F at this position may alter drug metabolism, thus improve
pharmacokinetic properties. However, benzofuran fluorination is not well precedented. Very
few examples of benzofuran fluorination exist. Sun and his co-workers developed a
methodology to access 3-fluoro-2-hydroxy-2-substituted benzofurans with Selectfluor® as the

41

fluorinating reagent in MeCN and water.**! The methodology requires an aryl on C2 position

potentially to stabilize the oxocarbenium ion formed in the process. By utilizing SOCl2/Py as the
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1.1 equiv SelectFluor® OR
\ r
O o OMe  MeCN:ROH = 20:1 0
OMe
F F F
O OMe O OEt O OBn
0. o, e
OMe OMe OMe
86%, 98% dr 81%, 95% dr 78%, 86% dr
F
Coey Oy oS
S A0
OMe OMe 00
87%, 94% dr 73%, 91% dr 75%, 93% dr
Table 38

dehydrating agent, the fluorinated compounds were readily converted to 3-fluorinated, 2-
substituted benzofurans in high yields. The authors proposed Selectfluor® induces the oxygen to

form oxocarbenium ion, which is then attacked by water to form an oxonium ion. After
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F
A 1. SelectFluor®, MeCN/H,0
Ar > N\ Ar
o 2. SOCI,/Pyridine o

dichloromethane

51% 61% 71%

43% 68% 70%

52% 78% 52%
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Table 39

deprotonation, the desired hydrofluorinated compound undergoes chlorination and elimination to

give 3-fluoro benzofuran (Scheme 90).

©
2BF,
'NZ CI
FO

/ Ar
95 SO )

F
(o)
IH
g\ Base
H F /\
H
N\ C SOCl, o)
Ar Ar Ar
(o) (o) (o)

Scheme 90

In sum, 3-fluorobenzofuran is a subject that is very useful and undeveloped at some

extent. Therefore, it is meaningful to invest some efforts to investigate this area of chemistry.
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All yields are isolated yields. Diastereomeric ratios were determined by *H NMR.

7.1. Initial result

Considering the potential dual role of AgF: (oxidizing reagent and electrophilic fluorine source),

we figured treatment of AgF> may result in fluorination of benzofuran as well as further

transformations.

Therefore, the first experiment was conducted to test the reactivity.

Gratifyingly, a 50% vyield of difluorinated product was obtained under the condition specified (2

equiv AgFz, 0.1 mmol substrate, 0.05 M solution in 1,2-dichloroethane, 23 <C) (Scheme 91).

CR

0.1 mmol

2 equiv AgF, F
CICH,CH,CI
- N
23 °C | F
Z 0
50%
Scheme 91

The diastereomeric ratio (1:1) did not change dramatically throughout the optimization process

described in the following text.



7.2. Optimization

7.2.1. Influence of Solvents

4 equiv AgF,

A\ solvent
—»
fo) 23 °C

0.3 mmol, 18 h

solvent

CICH,CH,CI
CH,CI,
CHCI;
MeCN
THF
1,4-dioxane
heptane
DMF

Table 40

%yield
24

16
15

trace
trace
N.R.

N.R.
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Similar to what we found in cyclopropanol and tertiary bromide cases, CICH.CH.CI was

the optimal choice of solvent.

7.2.2. Influence of Temperature

4 equiv AgF,

r
o T>23°C

0.3 mmol, T°C1h,23°C 18 h

T %yield
0 66
-20 53
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Table 41

—20 <€ and 0 <C conditions were tested, and 0 <T was the better condition.

7.2.3. Influence of Reaction Time
4 equiv AgF, F
N\ CICH,CH,CI
.
o 0 >23°C F
0.3 mmol

1ho°C
th23°C

—*

%yield

51
65
58
66
78

83 |
81

7

0 Noja AN -~ O

Table 42

The reaction rate was relatively slow. After 1 hour of reaction time at 0 <C, the reaction
was allowed to warm up to ambient temperature. Although about 50% benzofuran were
converted to difluorinated product right after the 0 <C condition, 6-hour reaction time at 23 <C

after 0 <C treatment would give the highest yield.



7.2.4. Influence of Concentration

4 equiv AgF,

| >
Z~0 0523 °C

0.3 mmol

1h0°C

6 h23°C

solvent volume (mL) %yield
1.5 53
3 66
6 83
12 62
18 50
Table 43
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A series of benzofuran solution volumes were examined to find the optimal concentration.

6 mL was affording the most fluorinated product. Too high concentration may lead to larger

thermal change and more byproduct, whereas too low concentration will result in a low reaction

rate. In addition, a reaction between AgF. and CICH.CHCI is suspected, according to a color

change of AgF: after the treatment of pure CICH2CH2Cl as well as all other reactions we carried

out using AgF2 and CICH>CHCI.

7.3. Reaction Scope Study

Various benzofuran substrates were examined to research the functional group tolerance.
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The standard substrate, benzofuran (entry 1, Table 44), is performing the best among all the
samples. Alkyl groups and aryl group, for example, 5-tBu, and 7-phenyl(entry 2, 4, Table 44)

were not decreasing the reactivity much. Similarly, halogens (entry 7-9, Table 44) except

fluorine were not interfering the reaction significantly, either. Electron-withdrawing groups,
including 5- and 7-fluoro, 5-ethyl ester, and 2-acetyl (entry 5, 6, 3, 10, Table 44), on the other
hand, were causing much lower yields. Since not much byproduct was observed, electron-
deficient system might result in less reactivity. The diastereoselectivity was not influenced much
by halogens except fluorine on 7-position of benzofuran or carbonyl. Interestingly, 7-fluoro
benzofuran showed a more significant diastereoselectivity than the chloro- and bromo-
benzofuran. In addition, the reaction of ethyl benzofuran-5-carboxylate produced a single

diastereomer.



entry Substrate Product

N
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oz
oz
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o
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oz
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N

%Yield

83

53

33

50

34

37

62

64

49

35

d.r.

1:1

1:1

single
diastereomer

1:1

2:3

1:1

3:4

3:4

1:1

1:1
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Table 44

7.4. Synthetic Application

2.4 equiv BulLi

F F
2.4 equiv Electrophile
> A\
°C—23°C £
o -78 °C—> o
%yield

E=I 62
E=TMS 69
= OH 50

Table 45

2,3-difluoro-2,3-dihydrobenzofuran can be converted to 2-substuted, 3-fluorobenzofurans
with the treatment of nBuLi and suitable electrophiles. This is a good solution to solve the
problem of diastereomers (since often the diastereomers of 2,3-difluoro-2,3-dihydrobenzofurans
are hard to isolate and cause substantial difficulty to interpret spectra). Moreover, this also offers
access to diversify 3-fluorobenzofuran core in order to expand the library. As mentioned in
benzofuran intro chapter, 3-position of benzofuran is a metabolic soft spot in vivo, therefore 3-

fluorobenzofuran would be a very valuable synthetic core to start from.
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7.5. Mechanistic Discussion

‘ \ F F
@j\g-\F'AQ'F /')‘Age
—» —»
93 - g»s N A

AgF;

2AgF
Scheme 92

As silver(1l) difluoride is a good electrophilic fluorine source, electron-rich benzofuran
can form oxocarbenium ion intermediate with the induction of silver(ll) difluoride (Scheme 92).
Subsequently, the oxocarbenium ion could be a better electrophile versus silver(ll) difluoride,
therefore the byproduct from last step, silver(0) fluoride attack on 2-carbon would result in the
difluorinated product. The resulting elemental silver might be converted to silver(l) fluoride by a
comproportionation with excess silver(ll) difluoride. This mechanism can account for the
phenomenon that whenever there is an electron-withdrawing group as a substituent of the

aromatic system, the efficiency decreased significantly.

8. Conclusion

We developed a protocol to difluorinate benzofurans under mild condition. Ten
examples were examined and the yields range from 33% to 83%. Electron-withdrawing groups
can be harmful to the reaction whereas electron-donating groups might be less influencing. With
treatment of nBuLi and suitable electrophiles, 2,3-difluoro-2,3-dihydrobenzofuran were

converted to 2-substituted 3-fluoro benzofurans, which are potentially very useful due to the
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blockage of potential oxidizable site. Compared to Sun’s work,**! our methodology is able to
install heteroatoms on 2-position. In addition, aryl groups are not required on 2-position for our

reaction to proceed.
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Appendix III. Experimental Part of Benzofuran

1. General Procedure for Preparation of Benzofuran Substrates’4?

Most of the substrates except commercially available 2,3-benzofuran and 2-benzofuranyl

methyl ketone and otherwise noted substrates were synthesized based on Huang’s work.>*?

In a 100 mL round-bottom flask, NaH (30.5 mmol, 1.22 g, 1.1 equiv) was slowly added to stirred
solution of phenol (27.74 mmol, 1 equiv) in N,N-dimethylformamide at room temperature. Then
2-bromo-1,1-diethoxyethane (33.8 mmol, 5.2 mL, 1.21 equiv) was added, and the reaction
mixture was stirred at reflux for 24 h. The mixture was allowed to cool down to room
temperature and was poured over ice-water. The aqeous phase was extracted with ethyl acetate
(3%30 mL), and the combined ethyl acetate fractions were washed with 1 M NaOH solution and
brine, dried over anhydrous Mg>SOs, filtered and concentrated in vacuo to give the desired
product that was used without further purification. To a solution of the previous reaction mixture
in toluene was added polyphosphoric acids (6 g, 59.8 mmol), and the mixture was stirred at
reflux for 12 h. After which the mixture was allowed to cool down to room temperature and
filtered through a plug of silica gel, eluted with petroleum ether. The filtrate was concentrated

under reduced pressure to afforded the desired benzofuran product.

2. Preparation of 2-benzylbenzofuran

The preparation was a modified version of Pu’s work.*#

To a stirred anhydrous THF solution (100 mL) containing benzofuran (50 mmol, 5.5 mL,

1 equiv) was slowly added n-BuLi (55 mmol, 22 mL 2.5 M solution in hexane, 1.1 equiv) at
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under nitrogen atmosphere, and the solution was stirred for 45 min. Then the benzyl bromide (60
mmol, 7.13 mL, 1.2 equiv) was added slowly to the reaction mixture, and the reaction mixture
was warmed to room temperature, kept stirring for another 16 h. Then the reaction mixture was
poured into concentrated sodium chloride solution and extracted with diethyl ether. The organic
layer was dried, filtrated, and concentrated. The residue was purified by column chromatography

using hexanes as eluent.

3. Optimization

3.1. Influence of Amount of Silver(II) Difluoride

X equiv AgF, F
N\ CICH,CH,CI
'
o 23°C F
(o)
0.3 mmol,18 h
X %yield
13
4 24
Table 46

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,

specified amount of silver difluoride was added into the vial and the vial was sealed with a
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rubber septum and transferred out of the glovebox. The vial was connected to a No-
filled Schlenck line. 6 mL dry 1,2-dichloroethane was added and neat benzofuran (0.3 mmol,
33.0 uL, 1 equiv) was added at once, followed by stirring for 18 hour at 23 °C, with the vial
wrapped with aluminum foil. The reaction mixture was passed through a short silica plug to
remove the solid residue, and then 2x3 mL dichloromethane was used to wash the vial and
2x1 mL was used to wash the silica plug. The resulting solution was concentrated in vacuo. The

residue was purified by flash chromatography on silica gel to afford the desired product.

3.2. Influence of Solvents

4 equiv AgF, F
solvent
N >
o 23 °C F
(o)
0.3 mmol, 18 h
solvent %yield
CICH,CH,CI 24
CH,CI, 16
CHCI; 15
MeCN 7
THF trace
1,4-dioxane trace
heptane N.R.
DMF N.R.
Table 47

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
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and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,

silver difluoride (175.2 mg, 1.2 mmol, 4 equiv) was added into the vial and the vial was sealed
with a rubber septum and transferred out of the glovebox. The vial was connected to a N»-

filled Schlenck line. 6 mL dry specified solvent was added and neat benzofuran (0.3 mmol, 33.0
uL, 1 equiv) was added at once, followed by stirring for 18 hours at 23 °C, with the vial wrapped
with aluminum foil. The reaction mixture was passed through a short silica plug to remove the
solid residue, and then 2x3 mL dichloromethane was used to wash the vial and 2x1 mL was used
to wash the silica plug. The resulting solution was concentrated in vacuo. The residue was

purified by flash chromatography on silica gel to afford the desired product.

3.3. Influence of Temperature

4 equiv AgF, F
CICH,CH,CI
AN ARY) - X
o T 523 °C | F
Z 0
0.3 mmol, T°C1h,23°C18 h
T %yield
0 66
-20 53
Table 48

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,

silver difluoride (175.2 mg, 1.2 mmol, 4 equiv) was added into the vial and the vial was sealed
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with a rubber septum and transferred out of the glovebox. The vial was connected to a N»-
filled Schlenck line. Cooled to specified temperature, 3 mL dry 1,2-dichloroethane was added
and the mixture was stirred vigorously for 1 min. A solution of benzofuran (0.05 M solution in
1,2-dichloroethane, 6 mL, 0.3 mmol, 1 equiv) was added at once, followed by stirring for 1
hour at specified temperature. The suspension was warmed to 23 °C, wrapped with aluminum
foil and stirred for additional 18 hours. The reaction mixture was passed through a short silica
plug to remove the solid residue, and then 2x3 mL dichloromethane was used to wash the vial
and 2x1 mL was used to wash the silica plug. The resulting solution was concentrated in vacuo.

The residue was purified by flash chromatography on silica gel to afford the desired product.

3.4. Influence of Reaction Time

4 equiv AgF, F
N\ CICH,CH,CI
y
o 0 »23°C F
o)
t %yield
0 51
1 65
2 58
4 66
5 78
L6 83|
7 81
8 71

0.3mmol,1h0°C,th23°C
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Table 49

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (175.2 mg, 1.2 mmol, 4 equiv) was added into the vial and the vial was sealed
with a rubber septum and transferred out of the glovebox. The vial was connected to a N»-
filled Schlenck line. Cooled to 0 °C, 3 mL dry 1,2-dichloroethane was added and the mixture
was stirred vigorously for 1 min. A solution of benzofuran (0.05 M solution in 1,2-
dichloroethane, 6 mL, 0.3 mmol, 1 equiv) was added at once, followed by stirring for 1
hour at 0 °C. The suspension was warmed to 23 °C, wrapped with aluminum foil and stirred
for additional specified time. The reaction mixture was passed through a short silica plug to
remove the solid residue, and then 2x3 mL dichloromethane was used to wash the vial and
2x1 mL was used to wash the silica plug. The resulting solution was concentrated in vacuo. The

residue was purified by flash chromatography on silica gel to afford the desired product.
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3.5. Influence of Concentration

4 equiv AgF, F
©j\> CICH,CHCI | N
o 0 >23°C F
Z 0
0.3 mmol
1h 0 °C
6h 23 °C
solvent volume (mL) %yield
1.5 53
3 66
6 83
12 62
18 50
Table 50

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (175.2 mg, 1.2 mmol, 4 equiv) was added into the vial and the vial was sealed
with a rubber septum and transferred out of the glovebox. The vial was connected to a N»-
filled Schlenck line. Cooled to 0 €C, 3 mL dry 1,2-dichloroethane was added and stirred
vigorously for 1 min. A solution of benzofuran in specified volume of 1,2-dichloroethane
(0.3 mmol benzofuran, 1 equiv) was added at once, followed by stirring for 1 hour at 0 <C. The
suspension was warmed to 23 <C, wrapped with aluminum foil and stirred for additional 6 hours.
The reaction mixture was passed through a short silica plug to remove the solid residue, and then

2>3 mL dichloromethane was used to wash the vial and 2x1 mL was used to wash the silica plug.
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The resulting solution was concentrated in vacuo. The residue was purified by flash

chromatography on silica gel to afford the desired product.

4. General Procedure for Fluorination of Benzofurans

An oven-dried 20 mL plastic vial equipped with a magnetic stirring bar, was evacuated
and backfilled with nitrogen in a glovebox antechamber (three cycles). In the glovebox,
silver difluoride (175.2 mg, 1.2 mmol, 4 equiv) was added into the vial and the vial was sealed
with a rubber septum and transferred out of the glovebox. The vial was connected to a No-
filled Schlenck line. Cooled to 0 C, 3 mL dry 1,2-dichloroethane was added and stirred
vigorously for 1 min. A solution of benzofuran (0.05 M solution in 1,2-dichloroethane, 6 mL,
0.3 mmol, 1 equiv) was added at once, followed by stirring for 1 hour at 0 <C. The suspension
was warmed to 23 <C, wrapped with aluminum foil and stirred for additional 6 hours. The
reaction mixture was passed through a short silica plug to remove the solid residue, and then 2>3
mL dichloromethane was used to wash the vial and 2>1 mL was used to wash the silica plug.
The resulting solution was concentrated in vacuo. The residue was purified by flash

chromatography on silica gel to afford the desired product.

5. Reactions of 2,3-difluoro-2,3-dihydrobenzofuran and Iodine
In a 20-mL vial evacuated and backfilled with nitrogen for three cycles, nBuLi (0.48
mmol, 218 pL 2.5 M solution in hexane, 2.4 equiv) was subjected. The nBuLi was diluted with

2 mL THF and cooled to -78 °C and stirred vigorously for 1 min. 2,3-difluoro-2,3-
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dihydrobenzofuran (0.2 mmol, 0.2M solution in THF, 1 equiv) was then injected into the vial and

the reaction was stirred at —78 °C for 30 min, followed by addition of iodine (0.48 mmol, 0.2M

solution in THF, 2.4 equiv). The reaction was allowed to warm up to 23 °C and kept stirring for
2 hours. The reaction was quenched with saturated aqueous NH4Cl solution and extracted with
diethyl ether (2x3 mL). The organic fractions were combined and dried over MgSOs4. The
solution was then concentrated in vacuo and purified by flash column, using ethyl

acetate/hexanes (1:40) to afford the desired product.

6. Reactions of 2,3-difluoro-2,3-dihydrobenzofuran and TMSCI
In a 20-mL vial evacuated and backfilled with nitrogen for three cycles, nBuLi (0.48
mmol, 218 pL 2.5 M solution in hexane, 2.4 equiv) was subjected. The nBuLi was diluted with

2 mL THF and cooled to -78 °C and stirred vigorously for 1 min. 2,3-difluoro-2,3-

dihydrobenzofuran (0.2 mmol, 0.2M solution in THF, 1 equiv) was then injected into the vial and

the reaction was stirred at —78 °C for 30 min, followed by addition of TMSCI (0.48 mmol, 0.2M

solution in THF, 2.4 equiv). The reaction was allowed to warm up to 23 °C and kept stirring for
2 hours. The reaction was quenched with saturated aqueous NH4Cl solution and extracted with
diethyl ether (2x3 mL). The organic fractions were combined and dried over MgSO4. The
solution was then concentrated in vacuo and purified by flash column, using ethyl

acetate/hexanes (1:40) to afford the desired product.
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7. Reactions of 2,3-difluoro-2,3-dihydrobenzofuran and Benzaldehyde
In a 20-mL vial evacuated and backfilled with nitrogen for three cycles, nBuLi (0.48
mmol, 218 uL 2.5 M solution in hexane, 2.4 equiv) was subjected. The nBuLi was diluted with

2 mL THF and cooled to —78 °C and stirred vigorously for 1 min. 2,3-difluoro-2,3-

dihydrobenzofuran (0.2 mmol, 0.2M solution in THF, 1 equiv) was then injected into the vial and

the reaction was stirred at —78 °C for 30 min, followed by addition of benzaldehyde (0.48 mmol,

0.2M solution in THF, 2.4 equiv). The reaction was allowed to warm up to 23 °C and kept
stirring for 2 hours. The reaction was quenched with saturated aqueous NH4Cl solution and
extracted with diethyl ether (2x3 mL). The organic fractions were combined and dried over
MgSOs4. The solution was then concentrated in vacuo and purified by flash column, using ethyl

acetate/hexanes (1:8) to afford the desired product.

All the substrates were prepared based on known procedures and the spectra match with

the literatures.
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8. Characterization Data of 2,3-difluoro-2,3-dihydrobenzofurans

F

(o)
2,3-difluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (83%, 38.8 mg), inseparable

diastereomers, d.r. = 1:1.
TLC (SiO2) Rr=0.41 in 8:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 7.54 (dt, J= 7.6, 1.8 Hz, 2H), 7.50 — 7.42 (m, 5H), 7.38 (t,
J="7.8 Hz, 3H), 7.15 - 7.02 (m, 7H), 6.98 (d, J = 8.1 Hz, 3H), 6.32 (d, /= 11.5 Hz, 1H), 6.27 —

6.18 (m, 3H), 6.15 — 6.06 (m, 3H), 6.03 — 5.90 (m, 3H), 5.82 (d, J= 11.7 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) & 160.52, 157.21, 132.94, 132.91, 132.02, 126.97, 125.98,
123.11, 123.07, 121.53, 121.37, 114.96, 114.63, 113.12, 112.80, 111.38, 111.15, 108.94, 108.83,

107.00, 106.88, 93.83 (dd, J = 184.0, 37.8 Hz), 89.16 (dd, J = 200.3, 16.4 Hz).

19F NMR (376 MHz, Chloroform-d) & -133.41 (dd, J = 58.4, 11.4 Hz, 1F), -146.11 (dt, J = 61.4,

15.9 Hz, 1F), -175.86 (d, J = 54.3 Hz, 1F), -200.18 (dd, J = 54.5, 17.0 Hz, 1F).
IR (neat) 2361, 1604, 1479, 1468,1024, 751 cm™!

GC/MS (m/z): 174.0 (1%), 156.0 (50%), 108.0 (100%)
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(o)

trans diastereomer 1
cis diastereomer 2

5-(tert-butyl)-2,3-difluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (53%, 33.7 mg), separable

diastereomers, d.r. = 1:1.
TLC (Si0O2) Ry (diastereomer 1) = 0.41 in 8:1 hexanes/toluene, p-anisaldehyde stain
Ry (diastereomer 2) = 0.32 in 8:1 hexanes/toluene, p-anisaldehyde stain

'TH NMR (500 MHz, Chloroform-d) (diastereomer 1) 8 7.55 (t, J = 2.3 Hz, 1H), 7.47 (dt, J= 8.5,
2.5 Hz, 1H), 7.04 — 6.86 (m, 1H), 6.25 (dd, J = 58.6, 11.4 Hz, 1H), 5.85 (dd, J = 55.0, 11.7 Hz,

1H), 1.33 (s, 9H).

'"H NMR (500 MHz, Chloroform-d) (diastereomer 2) & 7.48 (s, 1H), 7.39 (dt, J = 8.6, 2.0 Hz,
1H), 6.89 (dd, J = 8.5, 1.7 Hz, 1H), 6.17 (ddd, J = 61.8, 4.6, 3.1 Hz, 1H), 6.09 — 5.94 (m, 1H),

1.32 (s, 9H).

13C NMR (126 MHz, Chloroform-d) (diastereomer 1) 8 146.39, 146.37, 130.13, 130.09, 123.59,

120.87, 114.18 (dd, J = 230.6, 41.6 Hz), 110.66, 94.22 (dd, J = 184.0, 37.8 Hz), 34.54, 31.53.

13C NMR (126 MHz, Chloroform-d) (diasterecomer 2) § 129.10, 122.68, 110.44, 108.19 (dd, J =

2443, 14.6 Hz), 89.50 (dd, J=199.4, 16.3 Hz), 77.24, 31.53.
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19F NMR (376 MHz, Chloroform-d) (diastereomer 1) § -132.98 (dt, J = 58.4, 11.5 Hz, 1F), -

175.41 (d, J=55.1 Hz, IF).

19F NMR (376 MHz, Chloroform-d) (diastereomer 2) & -145.80 (dt, J = 61.3, 15.7 Hz, 1F), -

199.95 (dd, J=55.1, 16.5 Hz, 1F).

IR (neat) (diastereomer 1) 2964, 2360, 1492, 1014 cm™!

IR (neat) (diastereomer 2) 2963, 2360, 1492, 1031 cm™!

GC/MS (m/z) (diastereomer 1): 212.0 (14%), 197.1 (100%), 169.0 (23%)

GC/MS (m/z) (diastereomer 2): 212.0 (14%), 197.1 (100%), 169.0 (19%)

o
o

trans diastereomer

ethyl 2,3-difluoro-2,3-dihydrobenzofuran-5-carboxylate
The title compound was isolated as pale-yellow liquid (33%, 22.6 mg), single diastereomer.
TLC (SiO2) Rr=0.24 in 8:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (400 MHz, Chloroform-d) & 8.25 (s, 1H), 8.18 (d, J = 8.5 Hz, 1H), 7.08 (d, J=9.1 Hz,
1H), 6.32 (dd, J = 57.7, 12.1 Hz, 1H), 5.89 (dd, J = 54.4, 11.7 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H),

1.39 (t, J= 7.1 Hz, 3H).
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13C NMR (126 MHz, Chloroform-d) & 165.38, 163.76, 146.13, 135.15, 129.02, 125.96, 123.62,
121.75, 114.40 (dd, J = 232.4, 40.9 Hz), 111.19, 107.07, 93.00 (dd, J = 184.4, 37.8 Hz), 61.14,

14.30.

YF NMR (376 MHz, Chloroform-d) & -133.44 (dt, J = 57.6, 10.7 Hz), -176.89 (dt, J = 54.5, 10.4

Hz).
IR (neat) 2983, 1713, 1621, 1267 cm™*

GC/MS (m/z): 228.1 (15%), 200.0 (29%), 183.0 (100%)

F

(Lo
9

trans diastereomer 1
cis diastereomer 2

2,3-difluoro-7-phenyl-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (50%, 34.8 mg), separable

diastereomers, d.r. = 1:1.
TLC (Si02) Ry (diastereomer 1) = 0.38 in 8:1 hexanes/toluene, p-anisaldehyde stain

Ry (diastereomer 2) = 0.30 in 8:1 hexanes/toluene, p-anisaldehyde stain
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H NMR (500 MHz, Chloroform-d) (diastereomer 1) § 7.70 (dt, J = 6.4, 1.3 Hz, 2H), 7.64 — 7.57
(m, 1H), 7.55 — 7.50 (m, 1H), 7.50 — 7.43 (m, 2H), 7.42 — 7.35 (m, 1H), 7.21 (t, J= 7.6 Hz, 1H),

6.32 (dd, J=58.2, 11.5 Hz, 1H), 5.93 (dd, /= 54.8, 11.6 Hz, 1H).

'"H NMR (500 MHz, Chloroform-d) (diastereomer 2) § 7.73 — 7.60 (m, 2H), 7.56 — 7.49 (m, 1H),
7.46 (t,J = 8.0 Hz, 3H), 7.41 — 7.33 (m, 1H), 7.19 (t, J = 7.6 Hz, 1H), 6.36 — 6.15 (m, 1H), 6.16

~5.99 (m, 1H).

13C NMR (126 MHz, Chloroform-d) (diastereomer 1) & 128.50 (d, J = 14.3 Hz), 113.60 (dd, J =

230.9, 40.5 Hz), 93.82 (dd, J = 183.3, 38.2 Hz).

13C NMR (126 MHz, Chloroform-d) & 135.39, 128.54, 128.43, 127.84, 125.35, 124.84, 123.69,

122.13, 107.76 (d, J = 259.5 Hz), 89.27 (d, J = 198.9 Hz).

19F NMR (376 MHz, Chloroform-d) (diastereomer 1) & -133.10 (dt, J = 58.3, 10.9 Hz, 1F), -

175.87 (dt, J=54.7, 11.1 Hz, 1F).

19F NMR (376 MHz, Chloroform-d) (diastereomer 2) & -142.74 — -150.04 (m, 1F), -198.06 — -

203.98 (m, 1F).

IR (neat) (diastereomer 1) 3037, 2359, 1428, 1016,757 cm™!
IR (neat) (diastereomer 2) 2925, 2360, 1427, 1020, 756 cm™!
GC/MS (m/z) (diastereomer 1): 232.1 (93%), 183.1 (100%)

GC/MS (m/z) (diastereomer 2): 232.1 (88%), 183.1 (100%)
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2,3,7-trifluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (34%, 17.7 mg), inseparable

diastereomers, d.r. = 2:3.
TLC (SiO2) Rr=0.32 in 8:1 hexanes/toluene, p-anisaldehyde stain

'TH NMR (500 MHz, Chloroform-d) & 7.25 (s, 1H), 7.16 (t, J= 9.3 Hz, 1H), 7.06 (dd, J= 8.0, 4.3

Hz, 1H), 6.24 (dt, J= 60.3, 3.7 Hz, 1H), 6.07 (ddd, J = 54.2, 14.2, 4.5 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) § 119.14 (d, J = 16.5 Hz), 108.41 (dd, J = 247.9, 15.0 Hz),

88.84 (dd, J=201.5, 16.1 Hz).

19F NMR (376 MHz, Chloroform-d) 8 -137.16 (s, 1F), -144.12 — -148.15 (m, 1F), -200.14 (dd, J

=53.7, 16.2 Hz, IF).
IR (neat) 2918, 2360, 1493, 1024, 775, 730 cm!

GC/MS (m/z): 174.0 (50%), 126.0 (100%)
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(o)
2,3,5-trifluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (37%, 19.3 mg), inseparable

diastereomers, d.r. = 1:1.
TLC (SiO2) Rr=0.33 in 8:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 7.24 (dt, J = 7.2, 2.5 Hz, 1H), 7.19 — 7.11 (m, 2H), 7.11 —
7.03 (m, 1H), 6.99 (ddd, J = 8.9, 3.9, 1.6 Hz, 1H), 6.94 — 6.87 (m, 1H), 6.26 (dd, J = 58.2, 11.5
Hz, 1H), 6.19 (ddd, J =60, 4.4, 2.5 Hz, 1H), 6.12 (dt, J = 60.0, 3.0 Hz, 1H), 6.04 (ddd, J = 50.0,

15.3, 4.4 Hz, 1H), 5.83 (dd, J = 54.2, 11.6 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) & 159.5, 157.5, 119.87, 119.68, 118.76, 118.57, 115.45,
115.13, 113.82, 113.62, 113.29, 113.01, 112.80, 112.16, 112.05, 111.98, 109.42, 109.30, 107.47,

107.35, 94.52, 94.21, 93.05, 93.63 (dd, J = 184.8, 38.4 Hz), 90.62 — 87.37 (m).

1F NMR (376 MHz, Chloroform-d) & -120.47 (s, 1F), -120.69 (s, 1F), -133.14 (dt, J = 58.3, 11.2
Hz, 1F), -145.56 (dt, J = 61.0, 15.6 Hz, 1F), -177.03 (dt, J = 54.3, 10.6 Hz, 1F), -201.79 (dd, J =

53.9, 15.9 Hz, 1F).
IR (neat) 2926, 2360, 1484, 1027 cm™!

GC/MS (m/z): 174.0 (57%), 126.0 (100%)
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F
A
| F
Z~0
cl

trans diastereomer 1
cis diastereomer 2

7-chloro-2,3-difluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (62%, 35.4 mg), separable

diastereomers, d.r. = 3:4.
TLC (SiO2) Ry (minor diasterecomer 1) = 0.40 in 8:1 hexanes/toluene, p-anisaldehyde stain
Ry (major diastereomer 2) = 0.33 in 8:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) (minor diastereomer 1) § 7.44 (dt, J=7.9, 2.4 Hz, 2H), 7.07

(td, J=17.8, 1.0 Hz, 1H), 6.32 (dd, J= 57.5, 11.5 Hz, 1H), 5.91 (dd, J= 54.3, 11.7 Hz, 1H).

TH NMR (500 MHz, Chloroform-d) (major diastereomer 2) & 7.43 — 7.29 (m, 2H), 7.05 (t, J =

7.8 Hz, 1H), 6.39 — 6.16 (m, 1H), 6.07 (ddd, J = 54.2, 14.3, 4.4 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) (minor diastereomer 1) & 133.12, 133.09, 125.21, 124.08,

124.06, 116.88, 113.81 (dd, J = 233.4, 40.6 Hz), 93.98 (dd, /= 185.1, 37.7 Hz).

13C NMR (126 MHz, Chloroform-d) (major diastereomer 2) & 132.27, 132.25, 124.24, 124.18,

123.12, 116.71, 107.89 (dd, J = 247.6, 14.9 Hz), 89.10 (dd, J = 201.5, 16.3 Hz).

19F NMR (376 MHz, Chloroform-d) (minor diastereomer 1) 8 -133.37 (dt, J = 57.5, 10.5 Hz,

1F), -176.37 (dt, J= 54.8, 10.5 Hz, 1F).
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19F NMR (376 MHz, Chloroform-d) (major diastereomer 2) & -145.75 (dt, J = 60.3, 15.3 Hz,

1F), -199.72 (dd, J=54.1, 16.2 Hz, 1F).

IR (neat) (diastereomer 1) 2926, 2360, 1473, 1027 cm™!

IR (neat) (diastereomer 2) 2924, 2360, 1470, 1018 cm™!

GC/MS (m/z) (diastereomer 1): 192.0 (24%), 190.0 (68%), 142.0 (70%), 107.0 (100%)

GC/MS (m/z) (diastereomer 2): 192.0 (23%), 190.0 (71%), 142.0 (71%), 107.0 (100%)

Br
7-bromo-2,3-difluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (64%, 45.1 mg), inseparable

diastereomers, d.r. = 3:4.
TLC (Si02) Rr=0.41 in 8:1 hexanes/toluene, p-anisaldehyde stain

'H NMR (500 MHz, Chloroform-d) & 7.78 — 7.53 (m, 1H), 7.48 (dt, J= 7.5, 1.6 Hz, 1H), 7.07 —

6.94 (m, 1H), 6.32 (dd, J = 57.6, 11.5 Hz, 1H), 5.94 (dd, J= 54.3, 11.7 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) 8 135.97, 135.94, 125.89, 124.41, 122.59, 113.54 (dd, J =

233.6, 40.5 Hz), 104.08, 94.20 (dd, J=185.1, 37.7 Hz).
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YF NMR (376 MHz, Chloroform-d) & -133.36 (dt, J= 57.3, 10.6 Hz, 1F), -175.97 — -176.29 (m,

1F).
IR (neat) 2924, 2360, 1469, 1021, 982 cm™!

GC/MS (m/z): 235.9 (82%), 233.9 (85%), 187.9 (45%), 185.9 (45%), 107.0 (100%)

Br

Br

trans diastereomer 1
cis diastereomer 2

5,7-dibromo-2,3-difluoro-2,3-dihydrobenzofuran

The title compound was isolated as clear colorless liquid (49%, 46.1 mg), separable

diastereomers, d.r. = 1:1.
TLC (S102) Ry (diastereomer 1) = 0.33 in 8:1 hexanes/toluene, p-anisaldehyde stain
Ry (diastereomer 2) = 0.28 in 8:1 hexanes/toluene, p-anisaldehyde stain

TH NMR (500 MHz, Chloroform-d) (diastereomer 1) 6 7.74 (d, J = 2.1 Hz, 1H), 7.60 (d, J=1.9

Hz, 1H), 6.31 (ddd, J=57.2, 11.5, 1.3 Hz, 1H), 5.91 (dd, J=53.8, 11.6 Hz, 1H).

'TH NMR (500 MHz, Chloroform-d) (diastereomer 2) & 7.68 (d, J= 1.7 Hz, 1H), 7.53 (d,J=1.9
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Hz, 1H), 6.35 - 6.16 (m, 1H), 6.07 (ddd, J= 53.7, 14.7, 4.4 Hz, 1H).

13C NMR (126 MHz, Chloroform-d) (diastereomer 1) § 138.16, 138.12, 128.91, 124.04, 115.42,

113.71 (dd, J=234.9, 39.9 Hz), 105.05, 93.72 (dd, J = 187.1, 37.9 Hz).

13C NMR (126 MHz, Chloroform-d) (diastereomer 2) § 153.92, 137.24, 127.95, 124.39, 115.60,

110.83 — 106.05 (m), 104.98, 88.88 (dd, J=203.5, 16.5 Hz).

19F NMR (376 MHz, Chloroform-d) (diastereomer 1) & -133.12 (dt, J = 57.2, 10.3 Hz, 1F), -

176.97 (dt, J= 54.3, 10.6 Hz, 1F).

19F NMR (376 MHz, Chloroform-d) (diastereomer 2) & -145.26 (dt, J = 59.8, 14.9 Hz, 1F), -

200.34 (dd, J=53.6, 15.6 Hz, 1F).
IR (neat) (diastereomer 1) 3079, 2361, 1451, 1150 cm™!
IR (neat) (diastereomer 2) 2919, 2359, 1450, 1021 cm™!

GC/MS (m/z) (diastereomer 1): 315.9 (50%), 313.9 (100%), 311.9 (50%), 265.8 (29%), 184.9

(30%)

GC/MS (m/z) (diastereomer 2): 315.9 (50%), 313.9 (100%), 311.9 (50%), 265.8 (29%), 184.9

(30%)
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o (0

trans diastereomer 1
cis diastereomer 2

1-(2,3-difluoro-2,3-dihydrobenzofuran-2-yl)ethan-1-one

The title compound was isolated as clear colorless liquid (35%, 20.8 mg), separable

diastereomers, d.r. = 1:1.
TLC (Si0O2) Ry (diastereomer 1) = 0.27 in 8:1 hexanes/toluene, p-anisaldehyde stain
R (diastereomer 2) = 0.22 in 8:1 hexanes/toluene, p-anisaldehyde stain

IH NMR (500 MHz, CDCI3) (diastereomer 1) § 7.30-7.24 (m, 2H), 7.21-7.14 (m, 3H), 2,43

(dd, J=9.5,7.5 Hz, 1H), 1.24-1.11 (m, 3H), 1.03 (d, /= 6.5 Hz, 3H), 0.77 (d, J = 6.5 Hz, 3H).

'"H NMR (500 MHz, Chloroform-d) (diastereomer 2 mixed with diastereomer 1) § 7.52 (d, J =
7.4 Hz, 1H), 7.43 (t, J=7.8 Hz, 1H), 7.17 (t, J= 7.6 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 6.46 (dd,

J=54.9, 11.3 Hz, 1H), 2.56 (s, 3H).

13C NMR (126 MHz, Chloroform-d) (diastereomer 1) § 196.78, 160.53, 133.23, 127.04, 123.77,

120.58, 111.77,94.71 (dd, J=187.1, 43.1 Hz), 29.99 (d, J = 77.4 Hz), 26.81.
13C NMR (126 MHz, Chloroform-d) (diastereomer 2 mixed with diastereomer 1)
0 198.08, 156.60, 132.29, 126.26, 123.80, 121.64, 111.24, 88.28 (d, J= 184.8 Hz).

19F NMR (376 MHz, Chloroform-d) (diastereomer 1) § -119.48 (t, J = 10.3 Hz, 1F), -175.50 (d,
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J=55.7 Hz, 1F).

19F NMR (376 MHz, Chloroform-d) (diastercomer 2 mixed with diastereomer 1)
0-130.91 (t,J=14.9 Hz, 1F), -196.24 (dd, J = 54.9, 18.2 Hz, 1F).

IR (neat) (diastereomer 1) 2920, 2360, 1745, 1469, 960, 752 cm™!

IR (neat) (diastereomer 2) 2921, 2860, 1739, 1468, 990, 751 cm™!

GC/MS (m/z) (diastereomer 1): 198.0 (9%), 136.0 (100%), 108.0 (34%)

GC/MS (m/z) (diastereomer 2): 198.0 (17%), 136.0 (100%), 108.0 (38%)

9. Characterization Data of 3-fluoro-2-iodobenzofuran

F

D—i
o

The title compound was isolated as clear colorless liquid.
TLC (Si02) Ry= 0.43 in 20:1 hexanes/toluene, p-anisaldehyde stain

'"H NMR (500 MHz, Chloroform-d) & 7.59 — 7.49 (m, 1H), 7.46 — 7.37 (m, 1H), 7.31 — 7.22 (m,

1H).

13C NMR (126 MHz, Chloroform-d) & 154.34, 152.30, 125.35, 123.35, 119.38 (d, J = 19.6 Hz),

116.74 (d, J=3.3 Hz), 111.79, 80.03 (d, J = 37.4 Hz).

19F NMR (376 MHz, Chloroform-d) & -165.57 (s, 1F).
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IR (neat) 3100, 2921, 1614, 1445, 1369, 1126 cm!

GC/MS (m/z): 261.9 (100%), 1070 (65%)

10. Characterization Data of (3-fluorobenzofuran-2-yl)trimethylsilane

F
|\
o \

The title compound was isolated as clear colorless liquid.
TLC (Si02) Rr=0.45 in 20:1 hexanes/toluene, p-anisaldehyde stain

IH NMR (500 MHz, Chloroform-d) § 7.57 (dt, J = 7.7, 1.0 Hz, 1H), 7.43 (ddt, J = 8.3, 2.3, 0.9

Hz, 1H), 7.32 (ddd, J= 8.4, 7.2, 1.3 Hz, 1H), 7.25 (ddd, J= 7.9, 7.1, 1.0 Hz, 1H), 0.41 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 158.74, 156.73, 155.92, 144.11 (d, J = 34.4 Hz), 125.34,

122.51,119.35 (d, J=21.2 Hz), 117.69 (d, /= 2.3 Hz), 111.97, -1.98.
19F NMR (376 MHz, Chloroform-d) & -169.72 (s, 1F).
IR (neat) 2959, 1569, 1371, 841 cm™!

GC/MS (m/z): 208.1 (57%), 193.0 (100%), 115.0 (74%)
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11. Characterization Data of (3-fluorobenzofuran-2-yl)(phenyl)methanol

F

~e
&

The title compound was isolated as clear colorless liquid.
TLC (SiO2) Rr=0.25 in 4:1 hexanes/toluene, p-anisaldehyde stain

'"H NMR (400 MHz, Chloroform-d) 8 7.70 — 7.47 (m, 2H), 7.47 — 7.00 (m, 5H), 6.12 (s, 1H),

2.88 —2.47 (m, 1H).

13C NMR (126 MHz, Chloroform-d) & 128.63, 128.28, 126.44, 125.60, 123.16, 117.94, 112.13,

67.47.
19F NMR (376 MHz, Chloroform-d) § -174.71 (s, 1F).
IR (neat) 3357, 2359, 2234, 1452, 1128, 1034, 744 cm™!

GC/MS (m/z): 242.0 (36%), 221.1 (100%), 165.0 (53%), 149.0 (32%), 105.0 (29%)
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Appendix IV. Cyclopropanol Project NMR

1. NMR Spectra for Cyclopropanol
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13C NMR (126 MHz, CDCl3)
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' H NMR (500 MHz, CDCls)
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13C NMR (126 MHz, CDCl3)

2. MR Spectra for p-Fluoro Ketones
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13C NMR (126 MHz, CDCl3)
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13C NMR (126 MHz, CDCl3)
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13C NMR (126 MHz, CDCl3)
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13C NMR (126 MHz, CDCl3)
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13C NMR (126 MHz, CDCl3)
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Appendix V. Tertiary Bromide Project NMR

1. NMR Spectra for a-Bromoketones
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13C NMR (126 MHz, Chloroform-d)
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'"H NMR (500 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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2. NMR Spectra for a-Bromoesters
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'"H NMR (500 MHz, Chloroform-d)
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'"H NMR (500 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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'"H NMR (500 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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3. NMR Spectra for Alkyl Tertiary Bromide
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4. NMR Spectra for a-Fluoroketones
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5. NMR Spectra for a-Fluoroesters
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"H NMR (500 MHz, Chloroform-d)
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'"H NMR (500 MHz, Chloroform-d)
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'"H NMR (400 MHz, Chloroform-d)
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"H NMR (500 MHz, Chloroform-d)
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¥F NMR (376 MHz, Chloroform-d)
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¥F NMR (376 MHz, Chloroform-d)
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6. NMR Spectra for Alkyl Tertiary Fluoride
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7. NMR Spectra for 2-Fluoro-2-methyl-1-(pyrrolidin-1-yl)propan-1-one
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13C NMR (126 MHz, Chloroform-d)
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8. NMR Spectra for (E)-3,7-dimethylocta-2,6-dien-1-yl 2-fluoro-2-methylpropanoate
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13C NMR (126 MHz, Chloroform-d)
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9. NMR Spectra for 4-lodophenyl 2-fluoro-2-methylpropanoate
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Appendix VI. Benzofuran Project NMR

1. NMR Spectra for 2,3-Difluoro-2,3-dihydrobenzofurans
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13C NMR (126 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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13C NMR (126 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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H NMR (500 MHz, Chloroform-d)
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2. NMR Spectra for 3-Fluoro-2-iodobenzofuran
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13C NMR (126 MHz, Chloroform-d)
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3. NMR Spectra for (3-Fluorobenzofuran-2-yl)trimethylsilane
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13C NMR (126 MHz, Chloroform-d)
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4. NMR Spectra for (3-Fluorobenzofuran-2-yl)(phenyl)methanol
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