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General Introduction

The clever incorporation of fluorine atoms and fluorine substituents into organic compounds has
attracted much attention because it is a powerful tool for giving unique physical, chemical, and
biological properties in the field of functional materials such as medical and agrochemical products,
polymers, and dyes.'” In the field of pharmaceuticals and agrochemicals, 22% of all pharmaceuticals*
and 16% of agrochemicals® currently on the market below 500 g/mol contain fluorine. The number has
been increasing over the past decade and is expected to grow. Examples of significant fluorinated

pharmaceuticals are shown in Fig. 1.
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Fig. 1. Structures of significant trifluoromethylated compounds in the areas of pharmaceuticals and

agrochemicals.

Fluorine atoms are valuable in pharmaceuticals for the following five reasons. 1) The mimic effect:

The van der Waals radius of a fluorine atom (1.47 A)® is close to that of a hydrogen atom (1.20 A),



thus replacing some of the hydrogen atoms in existing pharmaceutical molecules with fluorine atoms
will work in the same way. 2) Polarity effect: Fluorine has the highest electronegativity (4.0 in Pauling
scale) among all atoms and introducing it into a molecule causes a large change in electron density.

3) Blocking effect; the C-F bond is strong (averages about 116 kcal/mol)’ and is not readily oxidized
in vivo, leading to sustain the drug effect. 4) The hydrophobic effect of fluorine substituent promotes
transport and intracellular absorption of drug molecules. 5) Strong electron-withdrawing property of
fluorine substituent (F: om= 0.34, 6,= 0.06) (CF3: 6m= 0.43, 6,= 0.54)%, which increases acidity and
decreases basicity’. Hence, the combination of these unique properties of fluorine presumably exerts
subtle effects on the absorption, distribution, metabolism, and excretion (ADME) of drug candidates'"-
12 In the polymer field, fluorine-containing polymers have attracted great interest over the past few
decades because of their attractive properties. Strong C-F bonds lead to high thermal and chemical
stability and low surface energy of fluorine helps in oil-repellence resulting in increased resistance to
wear and abrasion!>. Moreover, in the development of solution-processed bulk heterojunction solar
cells, fine-tuning the physical and chemical properties of conducting polymers by fluorination is a
useful strategy for improving photoelectric conversion'*. In a functional dye field, absorption and
emission wavelengths and aggregation-induced emission properties are tunable with the position and
number of fluorine atoms introduced into the dye backbone.!>! The fluorine substituents also decrease

the electron density of the dye, which increases electrophilicity®**!

and reduces reactivity with singlet
oxygen, improving photostability %>, Furthermore, changing to a counterion with multiple fluorine
atoms greatly enhanced absorbance and dye solubility because of increasing hydrophobicity and
inhibiting aggregation of dyes®®. These methods are promising for further improvement and
discoveries of the functions of organic dyes. In other functional materials, unique compounds such as
perfluorocubane?®’ and perfluorocycloparaphenylene”® were synthesized for the first time, respectively,

showing that the fluorine atom significantly changed their electronic properties. They are in the

limelight as next-generation functional materials. In the synthesis of functional organic materials such



as pharmaceutical and agrochemical products, polymers, and dyes containing fluorine atoms, it is
difficult to apply standard synthetic transformations for non-fluorinated compounds in many cases®.
Therefore, it is essential to investigate the unique properties of fluorine substituents to establish a
synthetic route to control the reaction. For example, the C-F bond is highly polarized, allowing the
fluorine atom to provide a dipole-like stabilizing effect to the cation at the a-position. The 6*C-F bond
is low energy and can interact with neighboring electrons. Therefore, the conformational gauche effect
appears, and the reaction can be controlled®. Other unique reactivity of fluorinated compounds
includes a, a-difluoroenolates, which behave as an electrophile because of the unusual induction effect
of fluorine atom, reducing the electron density at the a-position. These results exhibit the opposite
property of non-fluorinated enolates, acting as nucleophiles®'. In addition, substituents such as the
trifluoromethyl group cause negative inductive and hyperconjugation effects that can stabilize the
anion at o-position®?. Moreover, nucleophilic aromatic substitution (SnAr) reactions are known to take
place because the fluorine atom is a good leaving group. SnAr reactions also occur with electron-
withdrawing groups other than fluorine atoms (e.g., nitro and cyano groups). However, reactions which

replace all fluorine atoms on the aromatic ring>

, are unique to fluorine atoms. As described above,
fluorine atoms have specific properties not found in other atoms. Consequently, it is still challenging
to develop new synthetic methods for organofluorine compounds and simple strategy to introduce
fluorine atoms into existing compounds efficiently. Investigation of their exciting properties will be
helpful in drug discovery and the development of functional materials. Accordingly, the purpose of

this thesis is to assess the changes in molecular properties with fluorine atoms by exploring novel

synthetic methods for organofluorine compounds and fluorine-containing functional materials.

In Chapter 1, the author describes a novel one-pot, facile synthetic method that involves two
successive reactions of turbo Grignard reagent (i-PrMgCl-LiCl) for a-aryl-a-trifluoromethyl

alcohols, valuable motifs as pharmaceutical molecules. The method showed tolerance to a wide



range of functional groups, including reducible substituents. The process utilizes three successive
reactions in a one-pot manner: iodine/magnesium exchange reaction of iodoarenes or
iodoheteroarenes with i-PrMgCl-LiCl and nucleophilic addition of the prepared aryl or heteroaryl
magnesium reagents to 2,2,2-trifluoroethyl trifluoroacetate; and reduction of the aryl
trifluoromethyl ketones formed in the system with i-PrMgCl-LiCl to afford the corresponding o.-

aryl or a-heteroaryl-trifluoromethyl alcohols with various substituents in good to excellent yield.

In Chapter 2, the author succeeded in a one-pot, functional-group-tolerant synthesis of various
3-substituted 1-trifluoromethylpropargyl alcohols using two reactions of cyclopentylmagnesium
bromide (CpMgBr) with trifluoroacetic acid esters and terminal alkynes. This new synthetic
method involves three successive reactions in a one-pot process: 1) deprotonation of terminal alkynes
with cyclopentylmagnesium bromide, 2) reduction of 2,2,2-trifluoroethyl trifluoroacetate with
cyclopentylmagnesium bromide, and 3) nucleophilic addition of in-situ generated alkynyl Grignard
reagents to in-situ formed trifluoroacetaldehyde, leading to the corresponding 1-trifluoromethylated
propargyl alcohols. This method can be applied to various fluorine-containing esters as well as
terminal alkynes carrying alkyl or aryl groups to obtain 1-polyfluoroalkylated propargyl alcohols.
Furthermore, the obtained 1-trifluoromethyl propargyl alcohol having aromatic substituents can
be converted in good to excellent yields to 1,5-diaryl-3-trifluoromethyl dihydropyrazole, some of
the most important motifs in pharmaceuticals for treating pain and inflammation associated with

osteoarthritis in dogs.

In Chapter 3, the author discusses a powerful method for dramatically increasing sensitivity to
amines by introducing fluorine atoms into the aromatic rings of trimethine cyanine dye.
Ratiometric fluorescent properties afforded only by intramolecular additions were also available

for reactions with intermolecular amines and other nucleophiles. Furthermore, the amine adduct



of this dye was also sensitive to CO;. The presence of fluorine atoms reduced the lowest

unoccupied orbital (LUMO) of the dye, increasing its reactivity to amines.

In Chapter 4, the author has developed a rapid CO; responsiveness elastomer prepared from
polydimethylsiloxane (PDMS) with carboxy groups, an amine cross-linker, and fluorinated
cyanine dye. This elastomer sheet reacted to CO» gas, with the color turning from colorless to red
and the fluorescent color changing from blue to pink (within 1 min). Elastomer sheet using dye
without fluorine atoms did not respond to COa», indicating that the CO» response of the amine
adduct of fluorinated cyanine dye was improved by introducing fluorine atoms into the aromatic

rings.
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Chapter 1.

One-Pot Successive Turbo Grignard Reactions for the Facile Synthesis of a-Aryl-a-

Trifluoromethyl Alcohols

Abstract

A novel straightforward one-pot methodology for two successive turbo Grignard reagent (i-
PrMgCl-LiCl) reactions, was developed for a facile synthesis of a-aryl-a-trifluoromethyl alcohols,
motifs of value in pharmaceutical molecules. The method displayed broad functional group
tolerance, including reducible groups. Dual roles of i-PrMgCl-LiCl were exploited in the tandem
reaction with commercially available iodoarenes or iodoheteroarenes and 2,2,2-trifluoroethyl
trifluoroacetate. The process encompasses three successive reactions in a one-pot process: the i-
PrMgCl-LiCl-mediated iodine/magnesium-exchange reaction of iodoarenes or iodoheteroarenes;
nucleophilic addition of various generated aryl or heteroaryl magnesium reagents to 2,2,2-
trifluoroethyl trifluoroacetate; and the reduction of in-situ generated aryl trifluoromethyl ketones
with i-PrMgCI-LiCl, to produce the corresponding a-aryl or oa-heteroaryl-o-trifluoromethyl
alcohols bearing various substituents, including reducible functional groups in good to excellent

yields.



Introduction

The Turbo Grignard reagent (i-PrMgCl-LiCl) introduced by Knochel in 2004, is among the
most general and promising reagents for the preparation of polyfunctionalized aryl, heteroaryl, and
alkenylmagnesium reagents by selective halogen/magnesium (Mg)-exchange reactions of various
halo-arenes and -heteroarenes. It enables the synthesis of a variety of complex molecules at
laboratory and industrial scale.!"!! A significant advantage of the reagent is the tolerance of various
functional groups, such as esters, nitriles, hydroxyl, and boronic esters in the halogen/Mg-
exchange reaction, due to increased reactivity compared to the Mg metal or other Grignard reagents

by the formation of a lithium chloride complex (Scheme 1a).



a) Halogen/Mg-exchange reaction

X jiPrMgCI-LiCI MgCI-LICl| o iectrophile El
FG FG ———FG

X=1,Br or
FG = CO,R, CN, OR, halogen - Mgcl-Licl o E
or |Het |Het )
n
N X Y Y
|Het ) Y=N,S,0,etc
Y " n=01

b) Isopropylation

ﬁ\ i-PrMgCI-LICl  H* HOQ—
- > R

2
R H,0

A
S

R'l

c) Reduction

J?\ i-PrMgCI-LiCl  H* HOXH
R" "R? H,0 R' R
d) Proton abstraction
i-PrMgCI-LiCl electrophile
RI— R'——=——MgCI-LiCl R'-——EI

Scheme 1. Reactions of the turbo Grignard reagent.

Although i-PrMgCl-LiCl has been employed as a carbon nucleophile (Scheme 1b), a reducing
agent (Scheme 1c), and a base (Scheme 1d) in addition to the halogen/Mg-exchange reaction, there
are no reports of synthetic methodologies that utilize two or more of these reactions successively
in a one-pot manner.

On the other hand, in recent years, a-aryl-a-trifluoromethyl alcohols have become more
prominent in pharmaceutical molecules, for example in LP-533401 and LX1606/LX1033, which
are tryptophan inhibitors used for the treatment of osteoporosis and of gastrointestinal symptoms

related to the carcinoid syndrome (Fig. 1).12-2°
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i O o o \Q\ro X NH;
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\ N_ CF; N__N

CF3 N.__N N®
¥ )
H
NH, :
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R = Et: LX1606 (Teiotristat eptiprate)

Fig. 1. Pharmaceutical molecules with an o-trifluoromethyl ether motif.

Although various synthetic approaches to a-aryl-o-trifluoromethyl alcohols have been developed,
there are limited examples of syntheses that tolerate reducible functional groups. Examples include
reactions with the Ruppert—Prakash reagent (Scheme 2a)*'*° or the tandem iodine/Mg-exchange
reaction, arylation of isopropyl or diphenylmethyl trifluoroacetate, and the Meerwein—Ponndorf—
Verley type reduction of in-situ generated aryl trifluoromethyl ketones by isopropoxide or
diphenylmethoxide (Scheme 2b).3!*?> However, the development of the methodologies for simple and

efficient route to such compounds has still been desired.

(a) Trifluoromethylation using the Ruppert-Prakash reagent

CF3SiR3 HO H
CHO  cat. F~ source H*
CF
FG FG :
H,O
FG = 4-CN, 4-CO,Et, 3-CO,Et, 4-NO, or OH
or cho ‘ o H
=
P N CFs

N

(b) Trifluoroacetylation of aromatic Grignard reagent and successive
MPYV reduction with alkoxide (Yamazaki and our previous work)

O R
KA cl
i-PrMgCI-Licl F;C~ "0 "R O a0
H

|
Fg©/ (1.05 equiv.) (3 equiv.) R ~h "
= Ar
R

FG = 4-CN, THF, -25 °C 0 °C, then 40 °C CF
4-CO,Et, 3-CO,Et 3

R = Me, Ph
or N I
O/ . HO H HO ' H
N ste S CF Ny CF,
H,0 FG 3 or ‘ P
N etc.

Scheme 2. Previous work on the reducible functional group-tolerant syntheses of a-aryl-a-

trifluoromethyl alcohols.
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In 1953, McBee et al. reported that two types of Grignard reagents, including methyl- or ethyl-
magnesium iodides and isopropylmagnesium bromide, were successfully employed for the
successive alkylation and reduction of trifluoroacetic acid esters to afford the corresponding a-

trifluoromethyl secondary alcohols in moderate yields (Scheme 3).3

1) rt, Et,0, 1 h
2) 0

X

H FsC~ "OR?
H H 0 °C, overnight H* HO'H HOQ—
RIX + + Mg > > +
Br 2 — H,0 R1XCF3 R’ CF3
’ (49-60%) (10-14%)

Scheme 3. Previous work on the successive alkylation and reduction of trifluoroacetic acid esters with

Grignard reagents.

However, this method suffers a significant disadvantage, which is the narrow scope of Grignard
reagents, due to the difficulty of preparing aryl or heteroaryl Grignard reagents with various reducible
functional groups from the corresponding haloarenes and haloheteroarenes and Mg metal.

We present herein the development of a novel and straightforward one-pot synthetic methodology
entailing two distinct successive reactions with the turbo Grignard reagent (i-PrMgCl-LiCl), for the
facile and reducible functional group-tolerant synthesis of a-aryl-a-trifluoromethyl alcohols from
iodoarenes or iodeheteroarenes and 2,2,2-trifluoroethyl trifluoroacetate (Scheme 4). This approach
entails three successive steps: 1) the in-situ formation of aryl Grignard reagents from iodo-arenes or -
heteroarenes by the iodine/Mg-exchange reaction with i-PrMgCl-LiCl; 2) in-situ generation of aryl
trifluoromethyl ketones by the reaction of the formed aryl Grignard reagents with the trifluoroacetic
acid ester; and 3) the reduction of generated aryl trifluoromethyl ketones by i-PrMgCI-LiCl. (Scheme
4). Advantages of the protocol include tolerance of various reducible functional groups, and

straightforward operation and removal of by-products.
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1) i-PrMgCI-LiCl
(more than 2 equiv.)
O

I Re OR H* R
FG - > FG F
H,O

RF = CF3, CFzH, CF2C|, CF2M3, CF2CF3 or
R = Me, CH,CF; HO'H
FG = OMe, Me, Ph, Br, CN, CO,Et etc.
N R
or | ) F
I
N _ Y 'n
|Het | Y: N, S,
y“h =01 <+ ROH+/\>
ready removed
¢23 examples +Up to 85% isolated yields

# Broad substrate scope ¢ Readily scalable
+ Reducible functional group-tolerant

Scheme 4. This work.

Results and Discussion

When 1-iodo-4-methoxybenzene (1a) was added to 1 equiv. of i-PrMgCl-LiCl in THF at —40 °C,
the iodine/Mg-exchange proceeded smoothly to give the corresponding arylmagnesium reagent, which
readily reacted with 1.2 equiv. of methyl trifluoroacetate (2a). The reaction afforded the corresponding
trifluoromethyl ketone, 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one (3a) and its equivalents, the
hemiacetal and hydrate in a combined yield of 46 %, together with a 13 % yield of 2,2,2-trifluoro-1-
(4-methoxyphenyl)ethan-1-ol (4a) and a trace amount of an isopropylated adduct, 1,1,1-trifluoro-2-(4-

methoxyphenyl)-3-methylbutan-2-ol (5a) (Table 1, entry 1).
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Table 1. Optimization of reaction conditions using 1-iodo-4-methoxybenzene (1a)

1) O
1) solvent (1 ml)
2) i-PrMgCI-LiCI THF sol. (x equiv.), F3C~ OMe

/@/' —40 °C, then 0 °C, 10 min 2a (1.2 equiv.) H*
MeO 3) toluene (4 ml), —40 °C, 15 min 2) 40 °C, overnight H,0
1a (1 mmol)
o HO H HO
CF3 + CF3 + CF3
MeO MeO MeO
3a 4a 5a
Entry Solvent i-PrMgCI-LiCl '9F NMR yield (%) of
(equiv.) Ketone 3a, its hemiacetal, and hydrate  Alcohol 4a i-Pr-adduct 5a

1 THF 1.0 46 13 trace
2 THF 25 8 72 trace
3 toluene 2.5 0 81 (81)? trace

2 Yields of isolated product.

Increasing i-PrMgCI-LiCl equivalents from 1 to 2.5 resulted in a significant increase in the yield
of the secondary trifluoromethyl alcohol 4a (72 %), while the combined yield of ketone 3a and its
equivalents decreased to 8 % (Entry 2). It should be noted that the use of toluene as a solvent led to the
complete reduction of ketone 3ato increase the yield (81 %) of the secondary trifluoromethyl
alcohol 4a (entry 3).

Next, other commercially available fluorine-containing esters 2 were evaluated in the tandem dual

reaction under this optimized reaction conditions (Method A). (Scheme 5).
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1) O

1) toluene (1 ml) OH
| 2)i-PrMgCI-LiCl THF sol. (2.5 equiv.), Rg” OMe
/©/ 40 °C, then 0 °C, 10 min 2 (1.2 equiv.) H* R
MeO 3) toluene (4 ml), —40 °C, 15 min 2)-40 °C, overnight H,O MeO
1a (1 mmol) 4a,6a,7a,8a,9a
OH OH OH
F H Cl
F F F F F F
MeO MeO MeO
4a 81%°2 (81%)b 6a 76%°2 (76%)b 7a 86%2 (85%)°
8a° 76%? (75%)° 9a 86 %? (84%)P

a19F NMR yields. ° Yields of isolated product. ¢ Ethyl ester for the synthesis of 8a was used.

Scheme 5. Substrate scope of fluorine-containing esters 2 (Method A).

Hence, methyl 2,2-difluoroacetate, methyl 2-chloro-2,2-difluoroacetate, ethyl 2.2-
difluoropropanoate, and methyl 2,2,3,3,3-pentafluoropropanoate (2b—e) were treated with 1-iodo-4-
methoxybenzene (1a) and 2.5 equiv. of i-PrMgCl-LiCl under the above-described conditions to deliver
the corresponding difluoromethylated, chlorodifluoromethylated, difluoroethylated, and
pentafluoroethylated alcohols 6a, 7a, 8a, and 9a in good to excellent yields.

Other iodoarenes, such as 1-ethoxy-4-iodobenzene (1b) and 1-iodo-4-methylbenzene (1c), as well as
2-10d0-9,9-dimethyl-9H-fluorene (1f), also participated in the tandem dual reaction of i-PrMgCl-LiCl
with methyl trifluoroacetate (2a) to give the corresponding trifluoromethyl alcohols 4b, 4c, and 4f in

high yields (Scheme 6).
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1) O
1) toluene (1 ml)

OH
| 2) i-PrMgCI-LiCl THF sol. (2.5 equiv.), F;C”~ "OMe
Fe-l X -40 °C, then 0 °C, 10 min 2a (1.2 equiv.) H* FeL N CF4
Z 3) toluene (4 ml), -40 °C, 15 min 2) -40 °C, overnight H,O =
1 (1 mmol) 4
4a 81%2 (81%)° 4b 82%2 (78%)° 4c 74%2 (60%)° 4d 38% (38%)"
ketone 3d 33%?
OH
Me Me
(J CO
4e 32%2 (32%)° 4f 78%2 (71%)° 49 9%?
ketone 3e 37%2 ketone 3g trace® ketone 3f 52%?2

a 19 NMR yields. P Yields of isolated product.

Scheme 6. Substrate scope of iodoarenes 1 using methyl trifluoroacetate (2a) (Method A).

The use of 1-iodo-3-methylbenzene (1d) and 4-iodo-1,1'-biphenyl (1e) afforded the corresponding
trifluoromethyl alcohols 4d and 4e in 38 % and 32 % yields, respectively, together with the
corresponding trifluoromethyl ketones 3d and 3e in 33 % and 37 % yields, respectively. The reaction
of 1-bromo-4-iodobenzene (1g) with 2.5 equiv. of i-PrMgCIl-LiCl and 1.2 equiv. of methyl
trifluoroacetate (2a) provided the corresponding trifluoromethyl alcohol 4g in a poor yield of 9 % and
trifluoromethyl ketone 3fas the major product in 52% yield. To improve the yield of
alcohol 4g bearing the 4-bromophenyl group, the reaction conditions were investigated in more detail,

as shown in Table 2.
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Table 2. Optimization of reaction conditions using 1-bromo-4-iodobenzene (1g)

1 (0]
1) toluene (1 ml) ) )k
| 2)i-PrMgCI-LiCI THF sol. F,C~ “OR o HO H HO
©/ (2.5 equiv.), Conditions 1 2 (1.2 equiv.) H Q)kc':s . /@XCF;; . CF,
Br 3) toluene (x ml), Conditions 2 2) Conditions 3 H,0 Br Br Br
19 (1 mmol) 3g 49 5g
Additive SF NMR yield (%) of
toluene Ketone 3g, its Alcohol  i-Pr adduct
Entry Ester2: R Conditions 1 (ml) Conditions 2 Conditions 3 hemiacetal and hydrate 4g 59
1 2a: Me -40 °C,then 0 °C, 10 min 4 —40 °C, 15 min —40 °C, overnight 52 9 trace
2 2f: CH,CF; -40°C, then 0 °C, 10 min 4 —40 °C, 15 min —40 °C, overnight trace 51 6
3 2f: CH,CF; -15 °C, 20 min 4 —40 °C, 15 min —40 °C, overnight 8 59 8
4 2f: CH,CF; —15 °C, 20 min 19 -15°C,5min 0 °C, 60 min trace 65 9
5 2f: CH,CF; —15 °C, 20 min 19 -15°C,5min 20 °C, 30 min trace 78 (782 10

2Yields of isolated product.

The use of commercially available 2,2,2-trifluoroethyl trifluoroacetate (2f) in place of methyl
trifluoroacetate (2a) successfully improved the yields of alcohol 4g from 9 % to 51 % (Table 2, entry
2). GC analysis revealed that the iodine/Mg-exchange with 1-bromo-4-iodobenzene (1g) proceeded
efficiently at —15 °C for 20 min (Temp. 1 and conditions 1, entries 3—5). Then, the reaction conditions
for the tandem nucleophilic addition of the in-situ generated 4-bromophenylmagnesium chloride and
reduction of the in-situ generated trifluoromethyl ketone 3g by i-PrMgCl-LiCl were examined. It was
established that elevated reaction temperatures were beneficial for both the nucleophilic addition (—
40 °C to —15 °C, entries 3 and 4), as well as the subsequent reduction of ketone 3g (0 °C to 20 °C,
entries 4 and 5). Furthermore, increasing the amount of added toluene from 4 mL to 19 mL (entries 3
and 4) was crucial for increasing the yields of 4g, and it was obtained in 78 % yield, along with 10 %
yield of isopropyl adduct 5g (entry 5).

Scheme 7 illustrates the scope of iodoarenes 1 and iodoheteroarenes 1 under this optimized

reaction conditions (Method B).

17



1) O
1) toluene (1 ml)

| 2) -PrMgCI-LiCl THF sol. F3C” "OCH,CF;
2.5 equiv.), —15 °C, 20 min 2f (1.2 equiv. H*
FG©/ ( quiv.) ( quiv.) FG@)\CFs
3) toluene (19 ml), =15 °C, 5 min  2) 20 °C, 30 min  H20
1 (1 mmol) 4
OH OH OH OH
Me
/@)\CF3 /©ch3 /@)\(j::z O)\CFs
MeO EtO Me
4a 86%2 (84%)° 4b 85%? (85%)° 4c 84%2 (76%)° 4d 81%2 (80%)°
i-Pr adduct 5a trace?® i-Pr adduct 5b trace? i-Pr adduct 5¢ 5%°2 i-Pr adduct 5d trace?
Me Me OH OH OH
.O CF3 /©)\CF3 Q)\CFs
e : :
4e 81%2 (81%)P 4 80%2 (80%)P 4g 78%2 (78%)° 4h 84%2 (67%)°
i-Pr adduct 5e 11%? i-Pr adduct 5f 14%2 i-Pr adduct 5g 10%? i-Pr adduct 5h 6%?
Me OH
Br.
/@)\ (j)\ \©)\ch
4i 81%*? 67% 4j 70%2 67% 4k 45%° 44% 41 36%2
i-Pr adduct 5i 6%?2 ketone 3l 6%?2

i-Pr adduct 5l trace?

OH OH OH OH
s
Et0,C N N
Bn Ph

4m 40%? 4An 77%2 (77%)° 40 71%2 (69%)° 4p 55%2 (51%)°
ketone 3m trace® i-Pr adduct 5n trace? i-Pr adduct 50 trace? ketone 3p trace?
i-Pr adduct 5m 17%?2 i-Pr adduct 5p 18%?2

2 19F NMR yields. ° Yields of isolated products.

Scheme 7. Substrate scope of various iodo-arenes and -heteroarenes 1 using 2,2,2-trifluoroethyl

trifluoroacetate (2f) (Method B).

Various iodoarenes 1a—e,g—i, such as 1-iodo-4-methoxybenzene (1a), 1-ethoxy-4-iodobenzene
(1b), 1-iodo-4-methylbenzene (1c¢), l-iodo-3-methylbenzene (1d), 4-iodo-1,1'-biphenyl (1e), 1-
bromo-4-iodobenzene (1g), iodobenzene (1h), and 1-fluoro-4-iodobenzene (1i), smoothly reacted
with i-PrMgCl-LiCl to furnish the corresponding a-aryl-o-trifluoromethyl alcohols 4a—i in good to

excellent yields. Fused iodoarenes, such as 2-i0do-9,9-dimethyl-9H-fluorene (1f) and 1-
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iodonaphthalene (1k), likewise reacted with i-PrMgCI-LiCl to give the corresponding a-aryl-o-
trifluoromethyl alcohols 4f, 4k in good to excellent yields. Although the presence of a methyl group
at the 2-position led to a decrease in the yield of 4j compared with substrates bearing the methyl at 3-
or 4-positions (81-84 %), 1-iodo-2-methylbenzene (1j) participated well in the reaction to give the a-
aryl-a-trifluoromethyl alcohol 4j in good yield. The reaction of iodoheteroarenes, such as 1-benzyl-4-
iodo-1H-pyrazole (1n), 3-iodo-9-phenyl-9H-carbazole (10), and 2-iodothiophene (1p) with i-
PrMgCI-LiCl and 2,2,2-trifluoroethyl trifluoroacetate (2f) proceeded smoothly to give the
corresponding a-trifluoromethyl alcohols 4n, 40, and 4p in good yields.

On the contrary, the reactions of 1-bromo-3-iodobenzene (11) and ethyl 4-iodobenzoate (1m)
afforded lower yields (36 % and 40 %) of the alcohols 41 and 4m, respectively. Therefore, further
optimization of the reaction conditions with regard to ethyl 4-iodobenzoate (1m) was performed, as

shown in Table 3.

Table 3. Optimization of reaction conditions using ethyl 4-iodobenzoate (1m)
1) O

1) toluene (1 ml) )k
2) i-PrMgCI-LiCl THF sol. FsC™ "OCH,CF3

/O/I (x equiv.), =25 °C, 20 min 2f (z equiv.) H*
EtO,C 3) toluene (y ml), Temp. 1, 15 min 2) Temp. 1, overnight Hy0O

1m (1 mmol)

O HO H HO

@CFS . /@XCFS . CF,
EtO,C EtO,C EtO,C
3m 4m 5m
9F NMR yield (%) of
Entry i-PrMgCI-LiCl Additive Ester 2f Temp. 1 Ketone 3m, its Alcohol  i-Pr adduct
(equiv.) toluene (ml) (equiv.) (°C) hemiacetal and hydrate ~ 4m 5m
1 25 4 1.2 -20 trace 31 13
2 2.5 4 1.2 -40 trace 35 12
3 2.5 4 3.0 -40 29 30 8
4 2.5 19 3.0 -40 11 43 15
5 4.0 19 3.0 —-40 trace 54 (54)2 17

@Yield of isolated product.
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The reaction of ethyl 4-iodobenzoate (1m) with i-PrMgCl-LiCl was monitored by GC analysis,

which indicated that conditions of —25 °C and 20 min were sufficient for the iodine/Mg-exchange

reaction of 1m. It was established that lowering the reaction temperature from —20 to —40 °C (entries

1 and 2), increasing the amount of i-PrMgCl-LiCl to 4 equiv. (entries 4 and 5), as well as that of the

ester 2f to 3 equiv. (entries 2 and 3), and the addition of a large amount (19 mL) of toluene (entries 3

and 4), resulted in efficient conversion from the ketone hemiacetal alkoxide to ketone 3m and

increased the yield of 4m to 54 %.

Under the optimized reaction conditions, not only the iodoarenes, such as 1-bromo-3-iodobenzene

(11), ethyl 4-iodobenzoate (1m), ethyl 3-iodobenzoate (1q), and 3-iodobenzonitrile (1r) but also 3-

iodopyridine (1s), participated well in the tandem reactions with i-PrMgCl-LiCl and ester 2f to give

the corresponding alcohols 41, m, q, r, s in moderate to good yields, as shown in Scheme 8.

) toluene (1 ml)

1) O
OH

1
2) i-PrMgClI-LiCI THF sol. F3C” "OCH,CF;
I' (4 equiv.), —25 °C, 20 min 2f (3 equiv.) H* CF4
FG ~ FG
3) toluene (19 ml), -40 °C, 15 min 2) —40 °C, overnight H,O

41 69%2 (66%)°
ketone 3l trace?
i-Pr adduct 51 8%?2

OH

NC
\©/j\CF3

4r 48%2 (44%)°
ketone 3r 8%°?
i-Pr adduct 5r 8%?2

OH OH

Et0,C
CF,

49 67%2 (67%)°
ketone 3q trace®
i-Pr adduct 5q 9%°?

4m 54%2 (54%)P
ketone 3m trace?
i-Pr adduct 5m 17%?2

OH
7
N

4s 44%2 (41%)P
ketone 3s 11%?
i-Pr adduct 5s 8%2

a19r NMR vields. ° Yields of isolated product.

Scheme 8. Substrate scope of various iodo-arenes and -heteroarenes 1 using 2,2,2-trifluoroethyl

trifluoroacetate (2f) (Method C)
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Finally, gram-scale synthesis of 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-ol (4a) was
performed by Method B using 1-iodo-4-methoxybenzene (1a), as shown in Scheme 9. Consequently,
the reaction of 1-iodo-4-methoxybenzene (1a) with i-PrMgCl-LiCl proceeded smoothly to give 2,2,2-
trifluoro-1-(4-methoxyphenyl)ethan-1-ol (4a) in 84 % yield, analogous to results from the 1 mmol

scale. This result demonstrates that the operation is amenable to scale-up.

ot
1) toluene (10 ml)
| 2) i-PrMgCI-LiCI THF sol. FsC” "OCH,CF; OH
O/ (2.5 equiv.), -15 °C, 20 min 2f (1.2 equiv.) H* oF,
MeO 3) toluene (190 ml), -15 °C, 20 min  2) 20 °C, 30 min ~ H20 peo
1a (10 mmol) 42 (84%)
2359 174 g

Scheme 9. Gram-scale synthesis (Method B)

To investigate the reaction mechanism, the reaction of trifluoromethyl ketone, 2,2,2-trifluoro-1-(4-
methoxyphenyl)ethan-1-one (3a), with i-PrMgCl-LiCl in THF at —78 °C was performed (Table 4,
entry 1). Consequently, 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-ol (4a) was obtained in 86 %
yield as the major product, together with 9% of isopropylated adduct, 1,1,1-trifluoro-2-(4-

methoxyphenyl)-3-methylbutan-2-ol (5a).
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Table 4. Reduction of aryl trifluoromethyl ketone 3a with turbo Grignard reagent

Reduction

\\.\\\O

Major
y Me /\ HO H
CF3
1) solvent (10 ml) HZO
Fs

o 2) i-PrMgCI-LiCl MeO

THF sol. (1 equiv.) 4a
CF,4 . !
3) temp, 30 min. ¢
MeO ! Minor

Nucleohilic ~  ‘------
3a (1 mmol) addition H*
H20 meo
5a
"°F NMR yield (%) of
Entry Solvent Temp (°C) Alcohol 4a i-Pr-adduct 5a
1 THF -78 86 9
2 THF-toluene (v/v=1/9) -40 91 trace

The use of mixed solvents, namely THF and toluene (v/v= 1:9), proved effective for the
suppression of the nucleophilic addition by the isopropyl to ketone 3a and acceleration of the reduction
to give alcohol 4a in 92 % yield, even at an elevated reaction temperature (—40 °C) (entry 2).

The above-discussed results along with previous reports on the turbo Grignard reagent and
McBee's studies, allow us to propose the following plausible reaction mechanism for the reaction of

iodoarene 1, i-PrMgCl-LiCl, and trifluoroacetic acid ester 2, as shown in Scheme 10.
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FOT

1

i-PrMgCI-LiCl

>~ FG

lodine-magnesium
exchange reaction

AN MgCI-LiCl
L =

H

)\MgCI-LiCI

" HO (H
Aryl trifluoromethyl > > N CF;
ketone 3 ; H,0 FG
Reduction 2 =
_MgCiLic [ Reduction |
FG@/ F,C OMgCI-LiCl 0 4
= —_— SN . B
OMe I CF
FG - FG S
= = I
I
Mg alkoxide of aryl + MeOMgCI-LiCl | i-PrMgCI-LiCI H* HO
trifluoromethyl ketone b = > AN CF
o hemiacetal Nucleophilic H,O FG*: 3
)k —_— addition
F;C~ “OMe — 5
2a Nucleophilic | 1
addition | | |
H sopropyl H
. ketone
I
! F;C OMgCI-LiCI o MgCI-LiCl  H* HOH
e | NNy |~ NS - E R >
OMe F3C F3C
i-PrMgCI-LiCl H,0
Mg alkoxide of isopropyl + MeOMgBr 10
ketone hemiacetal
b) Aldehyde o N MgCI-LiCl "
i o HO
F3C_ OMgCI-LiCl i H*
— —~— - I N CF
AN | 3
= H” ~0” ~CF, FsC” TH Nucleophilic H0 FCU
A\ addition
Mg alkoxide of + F3C OMgBr 4
0 MgCI-LiCl CF3;CHO hemiacetal
F3c)ko/\cr3 |
2b ! Isopropyl ketone N MgCI-LiCl
‘ FG—
| i o] ‘
‘ F3;C OMgCI-LiCl = H* HO
[ ANl |~ AN ------eeeee------ -
o NcF Fac)Y N NoE
Nucleophilic 3 Nucleophilic H0  FG- 3
addition addition =
Mg alkoxide of isopropyl + F,c” > OMgBr 5

ketone hemiacetal

X = OCH,CF3, Ar

Scheme 10. Proposed reaction mechanism of the one-pot successive dual turbo Grignard reactions

First, the reaction of iodoarene 1 with i-PrMgCl-LiCl in THF occurred smoothly via an iodine/Mg-

exchange reaction to give the corresponding arylmagnesium chloride under mild conditions. Then, the

next reaction goes through two main routes, depending on the ester used (Scheme 10a and 10b). In

scheme 10a, the addition of the in-situ generated arylmagnesium chloride to methyl trifluoroacetate 2a
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gave the corresponding aryl trifluoromethyl ketone hemiacetal alkoxide, which is stabilized by the
existence of a strongly electron-withdrawing trifluoromethyl group. This was followed by the slow
elimination of the alkoxide, leading to in-situ generated aryl trifluoromethyl ketone 3, in equilibrium
with the aryl trifluoromethyl ketone hemiacetal alkoxide. Notably, the iodine/Mg-exchange reaction
and the nucleophilic addition of the generated arylmagnesium chloride are both faster than the
nucleophilic addition of i-PrMgCl-LiCl to ester 2. Next, the reduction of ketone 3 with i-PrMgCl-LiCl
proceeded preferentially over the nucleophilic addition of the isopropyl group, to selectively afford a-
aryl-a-trifluoromethyl alcohol 4. The addition of toluene in place of THF may be beneficial for
lowering the polarity of the solvents, which thereby suppresses the nucleophilic addition of the
isopropyl group.® In the case of iodoarenes bearing electron-withdrawing groups, the use of
trifluoroethyl ester 2f can promote the elimination of the alkoxide from the trifluoromethyl ketone
hemiacetal alkoxide, leading to efficient in-situ generation of aryl trifluoromethyl ketone in the
reaction. Using 2,2,2-trifluoroethyl trifluoroacetate 2b could increase the reaction yield because of the
smooth nucleophilic addition of aryl magnesium chlorides to in-situ generated trifluoroacetaldehyde

(CF3CHO) by the reduction of the ester with i-PrMgCI-LiCl (Scheme 10b).

24



Conclusion

We have developed a novel synthetic one-pot methodology involving two distinct successive turbo
Grignard reagent (i-PrMgCl-LiCl)-mediated transformations for the facile synthesis of a-aryl or a-
heteroaryl-a-trifluoromethyl alcohols, which are important pharmaceutical motifs. The strategy
exhibited a wide substrate scope and tunable reaction conditions. Tandem reactions using i-
PrMgCl-LiCl with commercially available iodoarenes and 2,2,2-trifluoroethyl trifluoroacetate consist
of three tandem reactions, namely, the iodine/Mg-exchange of iodo-arenes or -heteroarenes with i-
PrMgCl-LiCl, nucleophilic addition of various aryl- or heteroaryl-magunesium reagents to 2,2,2-
trifluoroethyl trifluoroacetate, and the reduction of in-situ generated aryl trifluoromethyl ketones by i-
PrMgCI-LiCl in a one-pot process. This methodology can be applied to a variety of iodo-arenes or -
heteroarenes, as well as fluorine-containing esters and has several advantages, such as tolerance of a
variety of reducible functional groups on the aromatic rings, ease of operation, and readily removable

side-products.
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Experimental Section

Measurement.

"H NMR spectra were measured at 392 or 400 MHz in deuterochloroform (CDCls) solution with
tetramethylsilane (MesSi) as an internal standard using a JEOL ECS-400 or ECX-400P FT-NMR
spectrometer. °C NMR spectra were obtained at 99 or 101 MHz in CDCl; or (CD3),CO solution with
MesSi as an internal standard using a JEOL ECS-400 or ECX-400P FT-NMR spectrometer. '°F NMR
spectra were recorded at 369 or 376 MHz in CDClI; or (CD3)>CO solutions using CFCl3 as an external
standard using a JEOL ECS-400 or ECX-400P FT-NMR spectrometer. The data are reported as (s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sep = septet, m = multiplet, br s = broad
singlet, coupling constant(s), integration). Melting points were obtained on a Yanagimoto MP-S3
micro melting point apparatus and were uncorrected. Electrospray ionization mass spectroscopy (ESI-

MS) analysis using MeOH was performed with a JEOL JMS-T100LP (Accu TOF LC-plus).

Materials.

A THEF solution of turbo Grignard reagent (i-PrMgCl-LiCl complex) was purchased from Aldrich Co.
THF was purchased from Kanto Chemical Co., and toluene was obtained from FUJIFILM Wako Pure
Chemical Co. Pure products were isolated by column chromatography using Wakogel C-200 (100-200
mesh, Wako Pure Chemical Ind., Ltd.) or silica gel 60 (spherical, 40-50 pm, Kanto Chemical Co.,

Inc.). Analytical TLC was performed on Merck precoated (0.25 mm) silica gel 60 F254 plates.

General procedure in Scheme 6 (Method A)

1-lodo-4-methoxybenzene (1a) (0.236 g, 1 mmol) was dissolved in dry toluene (1 mL) and a THF
solution of i-PrMgCl-LiCl (1.3 M) (2.5 mmol, 1.9 mL) was added at -40 ° C under an argon
atmosphere. After the mixture was stirred at 0 °C for 10 min, dry toluene (4 mL) was added to the
mixture, which was cooled at -40 °C for 15 min, and then methyl trifluoroacetate (2a) (0.155 g, 1.2

mmol) was added. The mixture was stirred at -40 °C overnight and then quenched with sat. NH4Cl
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aqueous solution (20 mL), extracted with dichloromethane (30 mL x 3), dried over Na»SOs, and
concentrated under vacuum to give the crude residue. After the yields were measured by "F NMR
with benzotrifluoride, the residue was purified by chromatography (hexane/dichloromethane = 1/1) to

give 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-ol (4a) (0.167 g, 81%).

General procedure in Scheme 7 (Method B)

1-Bromo-4-iodobenzene (1g) (0.289 g, 1 mmol) was dissolved in dry toluene (1 mL) and a THF
solution of i-PrMgCl1-LiCI (1.3 M) (2.5 mmol, 1.9 mL) was added at -15 °© C under an argon
atmosphere. After the mixture was stirred at -15 ° C for 20 min, dry toluene (19 mL) was added and
the reaction was cooled at -15 °C for 5 min. Then, 2,2,2-trifluoroethyl trifluoroacetate (2f) (0.245 g,
1.2 mmol) was added and the mixture was stirred at 20 °C for 30 min. Thereafter it was quenched with
sat. NH4Cl aqueous solution (20 mL), extracted with dichloromethane (30 mL X 3), dried over Na>SOs,
and concentrated under vacuum to give the crude product. After the yields were measured by °F NMR
with benzotrifluoride, the residue was purified by chromatography (hexane/dichloromethane = 1/1) to

give 1-(4-bromophenyl)-2,2,2-trifluoroethan-1-ol (4g) (0.199 g, 78%).

General procedure in Scheme 8 (Method C)

Ethyl-4-iodobenzoate (1m) (0.282 g, 1 mmol) was dissolved in dry toluene (1 mL) and a THF solution
of i-PrMgClI-LiClI (1.3 M) (2.5 mmol, 1.9 mL) was added at -25 ° C under an argon atmosphere. After
the mixture was stirred at -25 °C for 20 min, dry toluene (19 mL) was added, and the solution was
cooled at -40 °C for 15 min, then 2,2,2-trifluoroethyl trifluoroacetate (2f) (0.245 g, 1.2 mmol) was
added and the reaction was stirred at -40 °C overnight. The resulting mixture was quenched with sat.
NH4Cl1 aqueous solution (20 mL), extracted with dichloromethane (30 mL x 3), dried over Na»SOs,
and concentrated under vacuum to give the crude product. After the yields were measured by '°F NMR
with benzotrifluoride, the residue was purified by chromatography (hexane/dichloromethane = 1/1) to

give ethyl 4-(2,2,2-trifluoro-1-hydroxyethyl)benzoate (4m) (0.134 g, 54%).
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Procedure for reduction of trifluoromethyl ketone 3a by turbo Grignard reagent

2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-one (3a) (0.204 g, 1 mmol) was dissolved in the mixture
of super dehydrated toluene (9 ml) and super dehydrated THF (1 ml) and it was cooled at -78 ° C for
15 min under an argon atmosphere. A THF solution of i-PrMgCl-LiCl (1.3 M) (1 mmol, 0.8 ml) was
added to the mixture and stirred at -78 °C for 30 min. The resulting mixture was quenched with NH4Cl
aq solution (20 ml), extracted with dichloromethane (30 ml X 3), dried over Na>SQO4, and concentrated
under vacuum to give the residue. After the yield of 2,2,2-trifluoro-1-(4-methoxyphenyl)ethan-1-ol

(4a) were measured by '’F NMR with benzotrifluoride (92% '°F NMR yield).

2,2,2-Trifluoro-1-(4-methoxyphenyl)ethan-1-ol (4a).*

Yield 84%; R0.13 (hexane/dichloromethane = 1/1); IR (KBr) 3444 (OH) cm™'; '"H NMR (CDCls)
8 7.39 (d, J=8.97 Hz, 2H, aryl H), 6.93 (d, /= 8.97 Hz, 2H, aryl H), 4.92-4.97 (m, 1H, CH), 3.82 (s,
3H, CH3), 2.86 (s, 1H, OH); *C NMR (CDCl3) § 160.4 (s), 128.9 (s), 126.4 (s), 124.5 (q, J = 281.9

Hz), 114.1 (s), 72.4 (q, J = 31.9 Hz), 55.3 (s); "%F NMR (CDCls) 5-78.5 (d, J = 7.6 Hz, 3F).

2,2,2-Trifluoro-1-(4-ethoxyphenyl)ethan-1-ol (4b).**

Yield 85%; R;0.15 (hexane/dichloromethane = 1/1); m.p. = 53.3 °C; IR (KBr) 3437 (OH) cm™'; 'H
NMR (CDCI3) 6 7.40 (dd, J = 4.94 Hz, 0.90 Hz, 1H, aryl H), 7.37 (d, J = 8.52 Hz, 1H, aryl H), 6.91
(d, J=8.52 Hz, 1H, aryl H), 4.91-4.97 (m, 1H, CH), 4.04 (q, J = 6.78 Hz, 2H, CH>), 2.69 (s, 1H, OH),
1.42 (t,J = 6.85Hz, 3H, CH3); *C NMR (CDCI3) § 159.8 (s), 128.9 (s), 126.2 (s), 124.5 (q, J = 282.2

Hz), 114.6 (s), 72.4 (q, J = 31.9 Hz), 63.7 (s), 14.7 (s); "’F NMR (CDCl;) & —78.4 (d, J = 6.6 Hz, 3F).

2,2,2-Trifluoro-1-(p-tolyl)ethan-1-ol (4¢c).>

Yield 76%; Rr0.19 (hexane/dichloromethane = 1/1); IR (KBr) 3399 (OH) cm’!;

"H NMR (CDCI5) & 7.35 (d, J = 8.07 Hz, 2H, aryl H), 7.22 (d, J = 8.07 Hz, 2H, aryl H), 4.90-4.99 (m,
1H, CH), 3.01 (d, J = 3.59 Hz, 1H, OH), 2.38 (s, 3H, CH3); '*C NMR (CDCl3) § 139.7 (s), 131.2 (s),

129.4 (s), 127.5 (s), 124.4 (q, J = 282.7 Hz), 72.8 (q, /= 31.5 Hz), 21.2 (s); '°F NMR (CDCls) § —78.4
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(d, J= 6.7 Hz, 3F).

2,2,2-Trifluoro-1-(m-tolyl)ethan-1-ol (4d).*

Yield 80%; R0.18 (hexane/dichloromethane = 1/1); IR (KBr) 3429 (OH) cm™'; 'TH NMR (CDCls) &
7.22-7.33 (m, 4H, aryl H), 4.96 (q, J= 6.6 Hz, 1H, CH), 2.82 (s, 1H, OH), 2.39 (s, 3H, CH3); >*C NMR
(CDCl3) 5 138.6 (s), 134.0 (s), 130.5 (s), 128.7 (s), 128.2 (s), 124.7 (s), 124.4 (q, J = 281.9 Hz), 73.0

(q,J=32.5 Hz), 21.5 (s); "°F NMR (CDCls) § -78.2 (d, J = 6.6 Hz, 3F).

2,2,2-Trifluoro-1-(m-tolyl)ethan-1-one (3d).*

Yield 25%; R;0.83 (hexane/dichloromethane = 1/1); IR (KBr) 1716 (C=0) cm™'; "TH NMR (CDCls) §
7.86-7.89 (m, 1H, aryl H), 7.53 (d, J = 7.18 Hz, 1H, aryl H), 7.43 (t, J = 8.08 Hz, 7.63 Hz, 1H, aryl
H), 2.45 (s, 3H, CHs); 3C NMR (CDCl3) § 180.8 (q, J = 34.8 Hz), 139.3 (s), 136.5 (s), 130.6 (s), 130.1

(), 129.1 (s), 127.5 (s), 116.8 (q, J = 291.9 Hz), 21.4 (s); "°F NMR (CDCls) § —71.2 (s, 3F).

1-([1,1'-Biphenyl]-4-y1)-2,2,2-trifluoroethan-1-ol (4e).”’

Yield 81%; R;0.13 (hexane /dichloromethane = 1/1); m.p. = 116 °C; IR (KBr) 3394 (OH) cm™'; 'H
NMR (CDCls) & 7.65 (d, J = 8.08 Hz, 2H, aryl H), 7.60 (d, J = 8.08 Hz, 2H, aryl H), 7.56 (d, J = 8.08
Hz, 2H, aryl H), 7.46 (t, J=7.41 Hz, 2H, aryl H), 7.38 (t,J = 7.41 Hz, 1H, aryl H), 5.05-5.12 (m, 1H,
CH), 2.57 (d, J = 4.49 Hz, 1H, OH); '3C NMR (CDCl3) & 142.6 (s), 140.4 (s), 129.0 (s), 128.0 (s),
127.8(s), 127.5 (s), 127.3 (s), 124.4 (q, J=282.8 Hz), 72.8 (q,J=31.9 Hz); '°F NMR (CDCl;) & -78.3

(d, J = 6.6 Hz, 3F).

1-([1,1'-Biphenyl]-4-yl)-2,2,2-trifluoroethan-1-one (3e).**

Yield 37%; Ry 0.68 (hexane/ dichloromethane = 1/1); m.p. = 51.4 °C; IR (KBr) 1717 (C=0) cm™'; 'H
NMR (CDCls) 8 8.17 (d, J = 8.08 Hz, 2H, aryl H), 7.77 (d, J = 8.08 Hz, 2H, aryl H), 7.66 (d, J = 8.08
Hz, 2H, aryl H), 7.46-7.54 (m, 3H, aryl H); *C NMR (CDCl3) 6 180.2 (q,J = 34.8 Hz), 130.9 (s), 129.2

(s), 129.0 (s), 128.7 (s), 127.7 (5), 127.5 (5), 116.9 (q, J = 291.3 Hz); '%F NMR (CDCls) § —71.4 (s, 3F).
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2-([1,1'-Biphenyl]-4-yl)-1,1,1-trifluoro-3-methylbutan-2-ol (Se).

Yield 11%; Rr0.38 (hexane /dichloromethane = 1/1); m.p. = 96.8 °C; IR (KBr) 3495 (OH) cm™'; HRMS
(ESI) found: m/z 295.1332. Calc. for C17HisOF3: [M+H]", 295.1310; '"H NMR (CDCl3) & 7.61-7.64
(m, 6H, aryl H), 7.46 (t,J=7.63 Hz, 7.18 Hz, 2H, aryl H), 7.37 (d, J=7.18 Hz, 1H, aryl H), 2.57 (sep,
J=6.73 Hz, CH), 2.44 (s, 1H, OH), 1.15 (dd, J = 6.73 Hz, 0.90 Hz, 3H, CH3), 0.79 (d, J = 6.73 Hz,
3H, CH3); *C NMR (CDCl3) & 141.0 (s), 140.5 (s), 137.0 (s), 128.9 (s), 127.6 (s), 127.2 (s), 127.0 (s),
126.3 (s), 126.2 (q, J = 287.2 Hz), 79.8 (q, J = 27.3 Hz), 33.9 (s), 17.4 (s), 16.9 (s); ’F NMR (CDCls)

8737 (s, 3F).

1-(9,9-Dimethyl-9 H-fluoren-2-yl)-2,2,2-trifluoroethan-1-ol (4f).

Yield 80%; R;0.21 (hexane /dichloromethane = 1/1); m.p. = 135 °C; IR (KBr) 3414 (OH) cm™'; HRMS
(EI) found: m/z 292.1048. Calc. for C17H;sOF3: [M]*, 292.1075; 'H NMR (CDCl3) & 7.72-7.77 (m,
2H, aryl H), 7.56 (s, 1H, aryl H), 7.43-7.47 (m, 2H, aryl H), 7.34-7.39 (m, 2H, aryl H), 5.07-5.13 (m,
1H, CH), 2.71 (s, 1H, OH), 1.51 (s, 6H, CH3); '*C NMR (CDCl3) & 154.2 (s), 154.1 (s), 140.8 (s),
138.5 (s), 132.9 (s), 127.9 (s), 127.2 (s), 126.6 (s), 124.4 (q, J = 281.8 Hz), 122.8 (s), 121.9 (s), 120.5

(s), 120.2 (s), 73.3 (q, J = 31.9 Hz), 47.1 (s), 27.1 (s): '°F NMR (CDCl3) & -78.1 (d, J = 5.7 Hz, 3F).

2-(9,9-Dimethyl-9H-fluoren-2-yl)-1,1,1-trifluoro-3-methylbutan-2-ol (5f).

Yield 14%; R;0.43 (hexane/dichloromethane = 1/1); IR (KBr) 3595 (OH) cm™'; HRMS (ESI) found:
m/z 335.1639. Calc. for C20H2OF3: [M+H]", 335.1623; 'H NMR (CDCl3) & 7.73 (d, J = 8.08 Hz, 1H,
aryl H), 7.64 (s, 1H, aryl H), 7.52 (d, J = 8.08 Hz, 1H, aryl H), 7.43-7.47 (m, 1H, aryl H), 7.33-7.36
(m, 2H, aryl H), 2.59 (sep, J = 6.73 Hz, CH), 2.46 (s, 1H, OH), 1.51 (d, J=2.69 Hz, 2CH3), 1.16 (d, J
= 6.73 Hz, 3H, CH3), 0.78 (d, J = 6.73 Hz, 3H, CH3); *C NMR (CDCls) § 154.1 (s), 153.8 (s), 139.3
(s), 138.7 (s), 137.0 (s), 127.6 (s), 127.1 (s), 126.3 (q, J = 287.5 Hz), 124.6 (s), 122.8 (s), 120.3 (s),
120.2(s), 119.7 (s), 80.1 (q, J=26.3 Hz), 47.1 (s), 34.1 (s), 27.2 (s), 17.4 (5),16.9 (s); ’F NMR (CDCl3)

8 -73.5 (s, 3F).
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1-(4-Bromophenyl)-2,2,2-trifluoroethan-1-ol (4g).*®

Yield 78%; R;0.16 (hexane/dichloromethane = 1/1); m.p. = 51.0 °C; IR (KBr) 3390 (OH) cm!; 'H
NMR (CDCl3) 6 7.55 (d, J=8.08 Hz, 2H, aryl H), 7.36 (d, /= 8.08 Hz, 2H, aryl H), 4.96-5.03 (m, 1H,
CH), 2.66 (d, J = 4.49 Hz, 1H, OH); 3C NMR (CDCl3) & 132.9 (s), 131.9 (s), 129.2 (s), 124.0 (g, J =

282.8 Hz), 123.9 (s), 72.3 (q, J = 32.9 Hz); '°F NMR (CDCls) § —78.4 (d, J = 6.6 Hz, 3F).

1-(4-Bromophenyl)-2,2,2-trifluoroethan-1-one (3g).*’

Yield 12%; Ry 0.58 (hexane/dichloromethane = 1/1); m.p. < 30 °C; IR (KBr) 1724 (C=0) cm™'; 'H
NMR (CDCl3) § 7.93 (d, J=8.70 Hz, 2H, aryl H), 7.70 (d, J = 8.70 Hz, 2H, aryl H); *C NMR (CDCls)
8 179.7 (q,J=35.7 Hz), 132.6 (s), 131.43 (s), 131.41 (s), 128.6 (s), 116.5 (q, J = 291.3 Hz); '’F NMR

(CDCls) & —71.4 (s, 3F).

2-(4-Bromophenyl)-1,1,1-trifluoro-3-methylbutan-2-ol (5g).

Yield 10%; R 0.45 (hexane /dichloromethane = 1/1); IR (KBr) 3437 (OH) cm™'; HRMS (ESI) found:
m/z 318.9945. Calc. for C11H2OF;NaBr: [M+Na]*, 318.9921; '"H NMR (CDCl;) § 7.52 (d, J = 8.47
Hz, 2H, aryl H), 7.42 (d, J = 8.47 Hz, 2H, aryl H), 2.47 (sep, J = 6.87 Hz, CH), 2.39 (s, 1H, OH), 1.11
(dd, J = 6.87 Hz, 1.37 Hz, 3H, CH3), 0.71 (d, J = 6.87 Hz, 3H, CH;); '*C NMR (CDCl3) & 137.1 (s),
131.5 (s), 127.7 (s), 125.9 (q, J = 287.5 Hz), 122.5 (s), 79.6 (q, J = 27.3 Hz), 33.8 (s), 17.3 (s), 16.8

(s); ’F NMR (CDCls) § —73.8 (s, 3F).

2,2,2-Trifluoro-1-phenylethan-1-ol (4h).*®

Yield 67%; Rr0.18 (hexane/dichloromethane = 1/1); IR (KBr) 3372 (OH) cm™'; '"H NMR (CDCl3) &
7.46-7.48 (m, 2H, aryl H) 7.41-7.44 (m, 3H, aryl H), 4.95-5.01 (m, 1H, CH), 2.97 (d, /= 4.94 Hz, 1H,
OH); 3C NMR (CDCl3) & 134.1 (s), 129.7 (s), 128.8 (s), 127.6 (s), 124.4 (q, J = 281.9 Hz), 72.9 (q, J

=32.0 Hz); '"°F NMR (CDCl3) § -78.2 (d, J = 7.1 Hz, 3F).
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1-(4-Fluorophenyl)-2,2,2-trifluoroethan-1-ol (4i). °

Yield 67%; Rr0.15 (hexane /dichloromethane = 1/1); IR (KBr) 3406 (OH) cm™'; 'TH NMR (CDCls) §
7.46 (dd, J=8.70 Hz, 3.21Hz, 2H, aryl H), 7.10 (t, /= 8.70 Hz, 2H, aryl H), 5.00 (q, /= 6.63 Hz, 1H,
CH), 2.87 (br s, 1H, OH); 3C NMR (CDCl3) § 163.5 (d, J=248.1) 129.8 (s), 129.5 (d, J = 8.49), 124.2
(q,J=281.9 Hz), 115.8 (d, J=21.6), 72.3 (q, J= 31.9 Hz); '’F NMR (CDCls) § -78.7 (d, J = 6.6 Hz,

3F), —112.1--112.0 (m, 1F).

2,2,2-Trifluoro-1-(o-tolyl)ethan-1-ol (4j). *!

Yield 67%; Rr0.18 (hexane/dichloromethane = 1/1); IR (KBr) 3394 (OH) cm™'; "H NMR (CDCl;3) &
7.46 (d,.7="7.79 Hz, 1H, aryl H), 7.13-7.20 (m, 2H, aryl H), 7.86 (d, J= 8.24 Hz, 1H, aryl H), 5.16 (q,
J=6.63 Hz, 1H, CH), 2.90 (s, 1H, OH), 2.24 (s, 3H, CHz); *C NMR (CDCl3) & 136.7 (s), 132.6 (s),
130.8 (s), 129.4 (s), 127.1 (s), 126.5 (s), 124.8 (q, J = 281.8 Hz), 68.9 (¢, J = 31.5 Hz), 19.3 (s),; '°F

NMR (CDCls) 8 —77.6 (d, J = 6.6 Hz, 3F).

2,2,2-Trifluoro-1-(naphthalen-1-yl)ethan-1-ol (4k).*

Yield 44%; R;0.21 (hexane/dichloromethane = 1/1); IR (KBr) 3367 (OH) cm™'; 'H NMR (CDCl3) &
8.01 (d, J=8.53 Hz, 1H, aryl H), 7.91-7.91 (m, 2H, aryl H), 7.83 (d, /= 7.63 Hz, 1H, aryl H), 7.55-
7.60 (m, 2H, aryl H), 7.52 (t, J= 7.86 Hz, 1H, aryl H), 5.81-5.87 (m, 1H, CH), 3.22 (s, I1H, OH); *C
NMR (CDCl3) 8 133.7 (s), 131.1 (s), 130.3 (s), 130.0 (s), 129.1 (s), 126.9 (s), 126.0 (s), 125.9 (s),
125.3(s), 124.8 (s), 124.8 (q,J = 282.8 Hz), 122.8 (s), 68.9 (q, J = 32.0 Hz); ’F NMR (CDCl;3) § —76.8
(d, J= 6.6 Hz, 3F).

1-(3-Bromophenyl)-2,2,2-trifluoroethan-1-ol (41).*!
Yield 66%; Rr0.20 (hexane/dichloromethane = 1/1); IR (KBr) 3394 (OH) cm™'; "H NMR (CDCl;) &
7.55 (s, 1H, aryl H), 7.44 (d, J = 8.08 Hz, 1H, aryl H), 7.29 (d, J = 7.63 Hz, 1H, aryl H), 7.17 (t, J =

8.08Hz, 7.63 Hz, 1H, aryl H), 4.84-4.90 (m, 1H, CH), 2.92 (d, J=4.04 Hz, 1H, OH); *C NMR (CDCls)
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8 136.0 (s), 132.8 (s), 130.6 (s), 130.3 (s), 126.2 (s), 124.0 (q, J = 282.2 Hz), 122.7 (s), 72.2 (q, J =

32.3 Hz); '%F NMR (CDCls) & —78.4 (d, J = 5.8 Hz, 3F).

Ethyl 4-(2,2,2-trifluoro-1-hydroxyethyl)benzoate (4m).*

Yield 54%; R;0.15 (dichloromethane); m.p. = 70.8 °C; IR (KBr) 1713 (C=0), 3429 (OH) cm’!; 'H
NMR (CDCl3) & 8.05 (d, J=8.47 Hz, 2H, aryl H), 7.55 (d, J = 8.47 Hz, 2H, aryl H), 5.10 (q, J = 6.63
Hz, 1H, CH), 4.38 (q, J = 7.14 Hz, 2H, CH.),3.19 (br s, 1H, OH), 1.39 (t, J = 7.14 Hz, 3H, CHs); °C
NMR (CDCl3) & 166.6 (s), 139.0 (s), 131.4 (s), 129.8 (s), 127.6 (s), 124.2 (q, J = 281.9 Hz), 72.5 (q, J

=32.9 Hz), 61.5 (s), 14.4 (s); '°F NMR (CDCls) 5 —78.0 (d, J = 6.63 Hz, 3F)

Ethyl 4-(1,1,1-trifluoro-2-hydroxy-3-methylbutan-2-yl)benzoate (Sm).

Yield 17%; R;0.45 (dichloromethane); IR (KBr) 3452 (OH) cm™'; HRMS (ESI) found: m/z 313.0999.
Calc. for C14H;705F3Na: [M+Na], 313.1027; 'H NMR (CDCl3) § 8.06 (d, J = 8.47 Hz, 2H, aryl H),
7.63 (d, J=8.47 Hz, 2H, aryl H), 4.39 (q, J = 7.33 Hz, CH3), 2.55 (s, 1H, OH), 2.52 (sep, J = 6.87 Hz,
CH), 1.40 (t, J=7.33 Hz, CH3), 1.13 (dd, J = 6.87 Hz, 1.37 Hz, 3H, CH3), 0.69 (d, J = 6.87 Hz, 3H,
CH3); *C NMR (CDCls) 8 166.5 (s), 143.1 (s), 130.4 (s), 129.6 (s), 125.9 (q, J = 287.5 Hz), 125.9 (s),

79.9 (q, J = 27.3 Hz), 61.3 (5), 33.9 (5), 17.2 (5), 16.8 (5), 14.4 (5); '°F NMR (CDCls) & —73.5 (s, 3F).

1-(1-Benzyl-1H-pyrazol-4-yl)-2,2,2-trifluoroethan-1-ol (4n).

Yield 77%; Ry 0.28 (dichloromethane /diethyl ether = 1/1); IR (KBr) 3194 (OH) cm™'; HRMS (ESI)
found: m/z 257.0923. Calc. for C12H12N2OF5: [M+H], 257.0902; 'H NMR (CDCl3) & 7.37 (s, 1H,
pyrazole H), 7.33 (s, 1H, pyrazole H), 7.20-7.22 (m, 3H, benzene H), 7.05-7.07 (m, 2H, benzene H),
4.79 (q, J = 7.00 Hz, 1H, CH), 5.09 (s, 2H, CH>), 4.60 (s, 1H, OH); '>*C NMR (CDCl;) & 138.4(s),
135.7(s), 129.1 (s), 129.0 (s), 128.4 (s), 127.9 (s), 124.5 (q, J=281.6 Hz), 116.5 (s), 65.8 (q, J =33.2

Hz), 56.1 (s); "°F NMR (CDCl3)  =79.3 (d, J = 7.0 Hz, 3F).
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2,2,2-Trifluoro-1-(9-phenyl-9H-carbazol-3-yl)ethan-1-ol (40).

Yield 69%; R;0.30 (hexane /dichloromethane = 1/1); IR (KBr) 3406 (OH) cm™'; HRMS (ESI) found:
m/z 342.1092. Calc. for C20H;sNOFs: [M+H]", 342.1106; '"H NMR (CDCls) & 82.8 (s, 1H, aryl H),
8.18 (t, J=7.63 Hz, 1H, aryl H), 7.62 (t, J = 7.63 Hz, 2H, aryl H), 7.41-7.56 (m, 7H, aryl H), 7.32-
7.36 (m, 1H, aryl H), 5.21 (q, J= 7.00 Hz, 1H, CH), 2.74 (s, 1H, OH); *C NMR (CDCl;3) § 141.53 (s),
141.46 (s), 137.4 (s), 130.1 (s), 127.9 (s), 127.2 (s), 126.6 (s), 125.6 (s), 125.3 (s), 124.7 (q, J =281.9
Hz), 123.5 (s), 123.1 (s), 120.6 (s), 120.4 (s), 119.8 (s), 110.1 (s), 110.0 (s), 73.4 (q, J = 32.6 Hz); '°F

NMR (CDCl5) 8 -78.3 (d, J = 7.0 Hz, 3F).

2,2,2-Trifluoro-1-(thiophen-2-yl)ethan-1-ol (4p).*

Yield 57%; R;0.16 (hexane/dichloromethane = 1/1); m.p. = 46.3 °C; IR (KBr) 3360 (OH) cm™'; 'H
NMR (CDCls) 6 7.41 (d, J=4.94 Hz, 1H, aryl H), 7.21 (d, J = 3.59 Hz, 1H, aryl H), 7.06 (t, J = 4.49
Hz, 1H, aryl H), 5.29 (q,J = 6.28 Hz, 1H, CH), 2.68 (s, 1H, OH); *C NMR (CDCls) § 136.1 (s), 127.7
(s), 127.3 (s), 127.2 (s), 123.8 (q, J = 281.9 Hz), 69.4 (q, J = 33.8 Hz); '°’F NMR (CDCls) § —-78.7 (d,

J= 6.6 Hz, 3F).

1,1,1-Trifluoro-3-methyl-2-(thiophen-2-yl)butan-2-ol (5p).

Yield 12%; Ry 0.45 (hexane/dichloromethane = 1/1); IR (KBr) 3591 (OH) cm™'; HRMS (ESI) found:
m/z 247.0395. Calc. for CoH;1OF3NaS: [M+Na]*, 247.0380; 'H NMR (CDCls) § 7.32 (dd, J = 5.04
Hz, 0.92 Hz, 1H, aryl H), 7.09 (d, J = 3.66 Hz, 1H, aryl H), 7.04 (dd, J = 5.04 Hz, 3.66 Hz, 1H, aryl
H), 2.61 (s, 1H, OH), 2.43 (sep, J = 6.87 Hz, CH), 1.05 (dd, J = 6.87 Hz, 1.37 Hz, 3H, CH3), 0.93 (d,
J = 6.87 Hz, 3H, CH3); 1*C NMR (CDCl3) § 141.4 (s), 127.1 (s), 125.5 (s), 125.5 (q, J = 286.6 Hz),

125.1 (s), 79.8 (q, J = 28.8 Hz), 35.0 (s), 17.4 (s), 16.9 (s); '’F NMR (CDCl3) § —75.9 (s, 3F).

Ethyl 3-(2,2,2-trifluoro-1-hydroxyethyl)benzoate (4q).*
Yield 67%; Rs0.18 (dichloromethane); IR (KBr) 1701 (C=0), 3445 (OH) cm™'; '"H NMR (CDCls) &

8.13 (s, IH, aryl H), 8.07 (d, J = 7.63 Hz, 1H, aryl H), 7.69 (d, J = 7.63 Hz, 1H, aryl H), 7.49 (t, J =
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7.63 Hz, 1H, aryl H), 5.10 (q, J = 6.68 Hz, 1H, CH), 4.38 (q, J = 7.18 Hz, 2H, CH»),3.21 (br s, 1H,
OH), 1.39 (t, J = 7.18 Hz, 3H, CHs); 3C NMR (CDCls) & 166.8 (s), 135.0 (s), 132.1 (s), 130.6 (5),
130.5 (s), 128.8 (s), 124.3 (q, J = 282.2 Hz), 72.3 (q, J = 31.6 Hz), 61.6 (s), 14.2 (s); '°F NMR

(CDCl3) 5 —78.0 (d, J = 6.7 Hz, 3F)

3-(2,2,2-Trifluoro-1-hydroxyethyl)benzonitrile (4r).

Yield 44%; R;0.15 (dichloromethane); IR (KBr) 2237 (C=N), 3421 (OH) cm™!; HRMS (ESI) found:
m/z 224.0276. Calc. for CoHeNOF3Na: [M+Na]", 224.0299; 'H NMR (CDCl3) & 7.80 (s, 1H, aryl H),
7.74 (d,J="7.79 Hz, 1H, aryl H), 7.67 (d, J=7.79 Hz, 1H, aryl H), 7.67 (d, J=7.79 Hz, 1H, aryl H),
7.53 (t,J=7.79 Hz, 1H, aryl H), 5.09 (q,J= 6.17 Hz, 1H, CH), 3.58 (br s, 1H, OH); 1*C NMR (CDCls)
S 135.9 (s), 133.0 (s), 132.2 (s), 131.3 (s), 129.5 (s), 124.0 (q, J =281.8 Hz), 118.4 (s), 112.5 (s), 71.6

(q,J = 32.6 Hz); ’F NMR (CDCl3) § -78.2 (d, J = 6.2 Hz)

2,2,2-Trifluoro-1-(pyridin-3-yl)ethan-1-ol (4s). +*

Yield 44%; R0.53 (dichloromethane/methanol = 10/1); IR 3074 (KBr) (OH) cm™'; 'TH NMR (CDCls)
8 7.79 (s, 1H, aryl H), 7.73 (d, J = 7.79 Hz, 1H, aryl H), 7.66 (d, J = 7.79 Hz, 1H, aryl H), 7.06 (t, J =
7.79 Hz, 1H, aryl H), 5.07 (q, J = 6.82 Hz, 1H, CH), 3.57 (s, 1H, OH); '*C NMR (CDCls) & 149.3 (s),
148.1 (s), 136.5 (s), 132.0 (s), 124.4 (q, J = 282.8 Hz), 124.1 (s), 70.2 (q, J = 32.6 Hz); ’F NMR

(CDCls) & —78.4 (d, J = 6.8 Hz, 3F).

2,2,2-trifluoro-1-methoxy-1-(pyridin-3-yl)ethan-1-ol (3s). *

Yield trace; Rr0.56 (dichloromethane /methanol = 10/1); IR (KBr) 3055 (OH) cm™'; 'H NMR (CD;0D)
0 9.26 (d,J=1.60 Hz, 1H, aryl H), 9.10 (dd, J=4.82 Hz, 1.60 Hz, 1H, aryl H), 8.56 (d, J = 8.02 Hz,
1H, aryl H), 8.01 (dd, J = 8.02 Hz, 4.82 Hz, 1H, aryl H), 5.46 (br s, 1H, OH), 3.85 (s, 3H, CH3); 1*C
NMR (CD30D) & 150.9 (s), 149.9 (s), 138.3 (s), 132.9 (s), 124.9 (s), 124.1 (q, J = 287.5 Hz), 96.9 (q,

J=31.6 Hz), 49.8 (s); '°F NMR (CDCl:) 5 —84.0 (s, 3F).
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2,2-Difluoro-1-(4-methoxyphenyl)ethan-1-ol (6a). *°

Yield 76%; R;0.25 (dichloromethane); IR (KBr) 3441 (OH) cm™; 'H NMR (CDCl3) § 7.31 (d, J=8.53
Hz, 2H, aryl H), 6.91 (d, J = 8.53 Hz, 2H, aryl H), 5.73 (td, J = 56.28 Hz, 4.49 Hz, 1H, CF:H), 4.67-
4.74 (m, 1H, CH), 3.80 (s, 3H, CH3), 3.12 (s, 1H, OH); *C NMR (CDCls) § 160.1 (s), 128.6 (s), 128.2
(s), 116.0 (t, J = 244.3 Hz), 114.2 (s), 73.3 (t, J = 24.4 Hz), 55.4 (s); ’F NMR (CDCls) & —127.3 (dd,
J=56.3 Hz, 9.96 Hz, 2F).

2-Chloro-2,2-difluoro-1-(4-methoxyphenyl)ethan-1-ol (7a). *¢

Yield 85%; R;0.11 (hexane/dichloromethane = 1/1); IR (KBr) 3441 (OH) cm™'; 'H NMR (CDCl3) &
7.39 (d, J = 8.76 Hz, 2H, aryl H), 6.92 (d, J = 8.76 Hz, 2H, aryl H), 4.94-5.00 (m, 1H, CH), 3.81 (s,
3H, CH3), 2.97 (d, J= 4.49 Hz, 1H, OH); '3C NMR (CDCl3) § 160.4 (s), 129.2 (s), 129.2 (t, J = 296.9
Hz), 126.6 (s), 113.9 (s), 77.0 (t, J = 27.3 Hz), 55.4 (s); "°F NMR (CDCl3) & —64.9 (dd, J = 164.6 Hz,
8.4 Hz, 1F), —63.2 (dd, J= 164.6 Hz, 8.4 Hz, IF).

2,2-Difluoro-1-(4-methoxyphenyl)propan-1-ol (8a). ¥’

Yield 75%; Ry0.18 (hexane/dichloromethane = 1/1); IR (KBr) 3441 (OH) cm™'; "H NMR (CDCl3) &
7.35(d, J=8.52 Hz, 2H, aryl H), 6.90 (d, J = 8.52 Hz, 2H, aryl H), 4.77 (td, J=9.60 Hz, 3.00 Hz 1H,
CH), 3.81 (s, 3H, CHs), 2.75 (d, J=3.00 Hz, 1H, OH), 1.50 (t, J= 18.9 Hz, 3H, CHs); *C NMR (CDCl:)
5 159.8 (s), 129.1 (s), 128.6 (s), 123.5 (t, J = 242.9 Hz), 113.8 (s), 75.3 (t, J = 28.6 Hz), 55.3 (s), 19.0
(t,J=26.3 Hz); ’F NMR (CDCl3) § -101.2- —=101.0 (m, 2F).

2,2,3,3,3-Pentafluoro-1-(4-methoxyphenyl)propan-1-ol (9a). *®

Yield 84%; R;0.13 (hexane/dichloromethane = 1/1); m.p. = 63.0 °C; IR (KBr) 3390 (OH) cm!; 'H
NMR (CDCl3) 6 7.36 (d, J=8.76 Hz, 2H, aryl H), 6.92 (d, J= 8.76 Hz, 2H, aryl H), 4.98-5.05 (m, 1H,
CH), 3.80 (s, 3H, CH3), 3.35 (d, J= 4.49 Hz, 1H, OH); '*C NMR (CDCls) & 160.6 (s), 129.3 (s), 126.2
(s), 119.2 (qt, J = 286.6 Hz, 35.7 Hz), 114.1 (s), 113.2 (ddq, J = 259.3 Hz, 235.7 Hz, 34.8 Hz), 55.4
(s), 71.7 (dd, J=22.6 Hz, 5.6 Hz); "F NMR (CDCls) 8 -129.8 (dd, J=274.5 Hz, 18.0 Hz, 1F), -121.1
(dd, J=274.5 Hz, 7.1 Hz, 1F), -81.2 (s, 3F).
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Chapter 2.

Synthesis of 1-Trifluoromethylated Propargyl Alcohols by Two Successive Reactions

of Cyclopentylmagnesium Bromide in a One-Pot Manner

Abstract

We have developed a functional-group-tolerant one-pot route to various 3-substituted 1-
trifluoromethylpropargyl alcohols utilizing two reactions of cyclopentylmagnesium bromide with
trifluoroacetic acid esters and terminal alkynes. This new synthetic method involves three successive
reactions in a one-pot process: 1) deprotonation of terminal alkynes with cyclopentylmagnesium
bromide, 2) reduction of 2,2,2-trifluoroethyl trifluoroacetate with cyclopentylmagnesium bromide, and
3) nucleophilic addition of in-situ-generated alkynyl Grignard reagents to in-situ-formed
trifluoroacetaldehyde, leading to the corresponding 3-substituted 1-trifluoromethylated propargyl
alcohols. This method can be applied to various fluorine-containing esters as well as terminal alkynes
bearing alkyl and aryl groups to give 1-polyfluoroalkylated propargyl alcohols. The obtained 1-
trifluoromethylpropargyl alcohols with aromatic groups can be converted in good to excellent yields
to 1,5-diaryl-3-trifluoromethyl-dihydropyrazoles, some of the most important motifs in medicine for

the treatment of pain and inflammation associated with osteoarthritis in dogs.
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Introduction

The introduction of fluorinated substituents, especially trifluoromethyl groups, into organic
molecules is one of the most effective methods for achieving molecules and macromolecules with
desirable chemical and physical properties owing to the inherent characteristics of the fluorine atom,
such as its small size and high electronegativity.!> Especially, much attention has been paid to
trifluoromethylated nitrogen-containing heterocycles in the pharmaceutical®® and

agrochemical® industries, with examples shown in Fig. 1.

HoN, O

//S
(6]
Q / e @
_ F3C F,C N (0] 7 OEt
¥ X Y oY
\ \
~, ~CFs ©\/\i \E"/N 0 0
; s

O

Celecoxib Efavirenz Epyrifenacil

Fig. 1. Structures of significant trifluoromethylated nitrogen-containing heterocycles in the areas

of pharmaceuticals and agrochemicals.

There are two methods for synthesizing trifluoromethylated heterocycles: the direct
trifluoromethylation method!®!> and the building block method using trifluoromethylated
molecules.!®*? Excellent methods for the direct trifluoromethylation of organic molecules have
recently been developed. The building block methods are also promising for further progress due

to their many advantages, such as high regioselectivity, convenience, flexibility, and ease of

scalability.?>2*

25-31 32,33

Secondary and tertiary propargyl alcohols carrying trifluoromethyl groups can also

serve as useful building blocks to introduce not only a trifluoromethyl moiety but also alkynyl or
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alkenyl groups into various organic molecules. Many efforts have been made to synthesize
trifluoromethylated secondary and tertiary propargyl alcohols. In terms of secondary 1-
trifluoromethylated propargyl alcohols, three types of reactions are available, although it is
difficult to obtain and handle some of the starting substrates with certain functional groups: 1)
trifluoromethylation of alkynyl aldehydes with Ruppert-Prakash reagent (Scheme 1a),>*3% 2)
reduction of alkynyl trifluoromethyl ketones derived from alkynylmetal reagents and

) 36-38
b

trifluoroacetic acid esters (Scheme 1b and 3) addition of alkynylmetal reagents to gaseous

trifluoroacetaldehyde (CF;CHO) (Scheme 1¢).?#!

a) Trifluoromethylation of alkynylaldehydes with Ruppert—Prakash reagent
HO H

O
/J\ CF3SiR’s H* /<
/ H =~ CF;
= cat. F~ source HO g Z

b) Trifluoroacetylation of alkynylmetal reagents and reduction using sodium borohydride

R R =TIPS, Ph, CH,NR"R™

o)
0 HO H
/H RMet_ /Met F3CXOR" ik % NaBH, H"
_— (o] I CF3
R R HO o7 : HO R~

c) Addition of alkynylmetal reagents to trifluoroacetaldehyde

o
gaseous
HO H
M RMet o Met Fgc)kH H*
e / " "CF;
R R HO o7

Scheme 1. Previous synthetic routes to secondary 1-trifluoromethylated propargyl alcohols.

Therefore, a more straightforward, easily scalable, functional-group-tolerant, and novel
tandem reaction using commercially available chemicals in a one-pot manner for the synthesis of
secondary 1-trifluoromethylated propargyl alcohols under mild conditions is still required.
Grignard reagents are some of the oldest and most valuable organometallic reagents for creating
new carbon-carbon and carbon-heteroatom bonds.*> The isopropylmagnesium chloride-lithium

chloride complex (i-PrMgCl-LiCl), a secondary alkylmagnesium halide called the turbo Grignard
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reagent, is one of the most useful Grignard reagents and has been widely used in organic syntheses

as a halogen-magnesium exchange agent (Scheme 2a), carbon nucleophile (Scheme 2b),*-%

reducing reagent (Scheme 2c¢),*® and deprotonating reagent (Scheme 2d).*’

a) Halogen/Mg exchange reaction

o
B X ) X MgX" | electrophile X El
FG- FG- ———FGr
= X' = ClLiCl, = =
I, Br, CI
X =1, Br T ex o E
FG = CO4R, CN, OR, halogen, etc. X9 ~
or | Het ) [Het )
Y n Y n
XN X L |
|Het Y =N, S, O, etc.

Y Jn n=0,1
b) Alkylation

r- > . ’ 7
J(J)\ IL‘ MgX o R Ho>}d
R2

2 1
R H,O0 R

R1

c) Reduction

K - 4

R H0 R

R1

d) Proton extraction

] >—MgX'
s electrophile

R—=——H [R:MgX' R——EI

Scheme 2. Typical reactions of secondary Grignard reagents.

However, to the best of our knowledge, highly functional-group-tolerant organic synthetic
methods utilizing two or more of these Grignard reagent reactions in a one-pot manner are very
rare.*¥-53

We previously reported a new, straightforward, and functional-group-tolerant synthesis for a-
aryl- or heteroaryl-a-trifluoromethyl alcohols utilizing two different turbo Grignard reactions in a

one- pot process: halogen-magnesium exchange and reduction (Scheme 3).3*
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n
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Scheme 3. Our previous work.

As part of our research on concise and efficient syntheses using two Grignard reactions in a
one-pot manner, we report herein the convenient, functional-group-tolerant, easily scalable, one-
pot synthesis of various 1-trifluoromethylated propargyl alcohols using tandem reactions of
cyclopentylmagnesium bromide (CpMgBr) with commercially available 2,2,2-trifluoroethyl
trifluoroacetate and terminal alkynes (Scheme 4a). This synthetic method involves three
successive one-pot reactions: 1) reduction of 2,2,2-trifluoroethyl trifluoroacetate with CpMgBr, 2)
deprotonation of terminal alkynes with CpMgBr, and 3) nucleophilic addition of in-situ-generated
alkynyl Grignard reagents to in-situ-generated trifluoroacetaldehyde, leading to the corresponding
I-trifluoromethylated propargyl alcohols. This method has advantages including its one-pot
nature, tolerance of functional groups, suppression of bis-propargyl adduct formation, high product

yields, use of commercially available chemicals, and ease of scalability.
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Scheme 4. This work.

Furthermore, we also describe how the obtained 1-trifluoromethylpropargyl alcohols carrying
aromatic groups can serve as promising trifluoromethylated building blocks for the new
regioselective synthesis of 1,5-diaryl-3-trifluoromethyl-dihydropyrazoles, some of the most
important motifs in the medicine Enflicoxib used to treat pain and inflammation associated with

osteoarthritis in dogs (Scheme 4b).

Results and Discussion

The reaction of ethynylbenzene (1a) with 2.5 equiv. of i-PrMgCl-LiCl and 1.2 equiv. of 2,2,2-
trifluoroethyl trifluoroacetate (2a) in toluene at —40 °C smoothly proceeded to give the secondary
alcohol 1,1,1-trifluoro-4-phenylbut-3-yn-2-ol (4a) in 59% yield, tertiary alcohol 4-methyl-1-
phenyl-3-(trifluoromethyl)pent-1-yn-3-ol (5) in 24% vyield, and o, B-unsaturated ketone 1,1,1-

trifluoro-5-methyl-4-phenylhex-3-en-2-one (6) in 6% yield (Table 1, entry 1). 1,1,1-Trifluoro-4-
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phenylbut-3-yn-2-one (3a) was hardly obtained.

Table 1. Optimization of the reaction conditions using ethynylbenzene (1a) and 2,2,2-

trifluoroethyl trifluoroacetate (2a).
L\}ng FiC” 0 CF,

H
Pz iv. 2a (y equiv.)
=z (x equiv.) (veq CFy | CFs , +T \
solvent (5 ml)  temp., overnight H,O ‘\
temp., 30 min

1a (1 mmol)

°F NMR yield of
Entry Solvent  Grignard reagent (x equiv.) Ester 2a (y equiv.) Temp. (°C) 4a (%) 5 (%) 6 (%)

1 Toluene  i-PrMgCI-LiCI? (2.5) 1.2 -40 59 (54)¢ 24 (21)¢ 6 (trace)?
2 Toluene  i-PrMgCIP (2.5) 1.2 -40 68 19 trace
3 Toluene  CPMgBr°(2.5) 1.2 -40 71 8 trace
4 Toluene  CPMgBI© (2.5) 1.2 -20 81(80) 9 (7)° trace
5 Toluene  CPMgBr°(2.5) 2.0 -20 73 8 trace
6 Toluene  CPMgBre(3.0) 1.2 -20 70 6 trace
7 THF CPMgBr® (2.5) 1.2 -20 69 8 trace

@ A THF solution of i-PrMgCI-LiCl (1.3 M) was used A THF solution of i-PrMgCl (2.0 M) was used.
© A THF solution of CpMgBr (1.0 M) was used. ¢ Yields of isolated products.

By using i-PrMgCl instead of i-PrMgCl-LiCl, the yield of secondary alcohol 4a improved to
68%, and tertiary alcohol 5 as a byproduct was obtained in 19% yield (Entry 2). The use of
CpMgBr at —20 °C afforded the best results, giving secondary alcohol 4a in better yield (81%) and
byproduct 2-cyclopentyl-1,1,1-trifluoro-4-phenylbut-3-yn-2-ol (5a) in lower yield (9%) (Entry 4).
The cyclopentyl group (steric effect (Es)=0.51) is bulkier than the isopropyl group (Es)=0.47),
which may have inhibited alkylation and allowed the reduction to proceed.’® Increasing the added
equivalents of not only ester 2a from 1.2 to 2.0 but also CpMgBr from 2.5 to 3.0 did not have a
significant effect on the yield of alcohol 4a (Entries 5 and 6). When THF was used as the solvent
in place of toluene, the yield of alcohol 4 a slightly decreased to 69% (Entry 7).

As shown in Scheme 5, other ethynylbenzene derivatives 1, such as 1-ethoxy-4-ethynylbenzene
(1b), 1-ethynyl-4-methoxybenzene (1c¢), 1-ethynyl-4-methylbenzene (1d), 4-ethynyl-1,1’-

biphenyl (1e), 1-ethynyl-4-fluorobenzene (1f), 1-chloro-4-ethynylbenzene (1g), and 1-ethynyl-
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3,5-bis(trifluoromethyl)benzene (1i), also participated in successive reactions of CpMgBr with
2,2,2-trifluoroethyl trifluoroacetate (2a) to give the corresponding 1-trifluoromethylated propargyl
alcohols 4 in good yields under the optimized conditions, as well as a small amount of

cyclopentylated adducts 5 as byproducts.

o}
MgBr2
" C g |=3c)ko/\CF3 OH HO
_ ) ) .
N = (2.5 equiv.) 2a (1.2 equiv.) H 4 CF; & CF,
X toluene (5 ml) -20 °C, overnight H,O _ [ X
7 -20 °C¢, 30 min S XT
1 (1 mmol) 4 5
OH OH OH OH
// CF3 // CF3 /@/\CF3 /@/\CF3
H EtO MeO Me
4a 81%P (80%)° 4b 83%° (81%)° 4c 78% (78%)° 4d 81%° (81%)°
5a 9%P (7%)° 5b 7% (7%)° 5¢ 6%P (6%)° 5d 8%P (6%)°
OH OH
Q/\ /@/\CH /@/\CF
Cl Br
4e 76% (75%)° 4f 74% (71%)° 49 74%P (74%)° 4h 75%P (72%)°
5e 7%P 7% 5f 8%P (8%)° 59 8% (8%)° 5h 8% (8%)°
OH
// CF3
s ~
CF,
4i 73%P (73%)° 4j9 57%" (50%)° 4k 80%" (80%)°
5i trace® 5j9 trace® 5k 7%° (7%)°

@ A THF solution of CpMgBr (1.0 M) was used. ® "®F NMR yields. ° Yields of isolated products.
d After the addition of Grignard reagent, the reaction was carried out at -40 °C, 30 min.

Scheme 5. Substrate scope of the aromatic terminal alkynes 1.

It should be noted that in the case of ethynylbenzene 1 h with a bromine atom on the phenyl
ring, no bromine-Mg exchange reaction with CpMgBr occurred, and only secondary alcohol 4h as

the desired product with a small amount of cyclopentylated adduct Sh were obtained. Notably, the
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tandem reactions of ethynylbenzene derivative 1j, which has a reducible ester group on the phenyl
ring, smoothly proceeded to give corresponding 1-trifluoromethylated propargyl alcohol 4j in
moderate yield (50%). The use of ethynyl heteroarene 3-ethynylthiophene (1k) also gave a good
yield of 80%. In terms of the substrate scope of ethynyl arenes 1, the yields tended to be higher
for ethynyl arenes with electron-donating substituents on not only the phenyl group but also the
thienyl group.

Next, the reaction of 1-decyne (11) as an aliphatic terminal alkyne was carried out under the
same reaction conditions as the aromatic alkynes. Treatment of 1-decyne (1l) with 2.5 equiv. of
CpMgBr in THF and 1.2 equiv. of 2,2,2-trifluoroethyl trifluoroacetate (2a) in toluene at —20 °C
gave 1,1,1-trifluorododec-3-yn-2-o0l (4l) in only 41% vyield, along with 9% yield of the
trifluoroethyl hemiacetal of CF3CHO 8 °® which was produced by the reduction of ester 2a with

CpMgBr (Table 2, entry 1).

Table 2. Optimization of reaction conditions using 1-decyne (11) and 2,2,2-trifluoroethyl

(@]
MgBra-P
- Ko,

trifluoroacetate (2a).

OH

H (2.5 equiv.) 2a (1.2 equiv.) H* HO H
=z /\CFS D SN
n-Oct solvent (5 ml) temp., overnight H,O . FsC~ 0" 'CF3
temp., 30 min
11 (1 mmol) 4] 8

9F NMR vyield of
Entry Temp. (°C) Solvent 41 (%) 8 (%)

12 -20 Toluene 41 9

28 20 Toluene 78 trace
32 20 THF 84 trace
4P 20 Toluene  trace 57
50 20 Toluene 81 trace
6° 20 THF 90 (88)°  trace

@ A THF solution of CpMgBr (1.0 M) was used.
b An Et,0 solution of CpMgBr (2.0 M) was used.
°Yield of isolated product.

Increasing the reaction temperature from —20 to 20 °C resulted in a dramatic improvement in
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the yield of alcohol 41 from 41% to 78% (Entry 2). THF could also be used to give slightly higher
yields of alcohol 41 (Entries 2 and 3). When a commercially available diethyl ether solution of
CpMgBr was used in place of the THF solution, CF3CHO hemiacetal 8 was the main product at
—20 °C, which was confirmed by 'H, '’F NMR, and HRMS analyses of the crude reaction mixture
(see Supporting Figures and Tables), whereas alcohol 41 was hardly obtained (Entry 4). The
reaction with a diethyl ether solution of CpMgBr at 20 °C in THF proceeded smoothly to give the
best yield of alcohol 41 (Entry 6). Under the optimized reaction conditions listed in Table 2, a range
of aliphatic alkynes including 1-decyne (11), 6-chlorohex-1-yne (1m), tert-butyl(ethynyl) dimethyl
silane (1m), and Il-ethynylcyclohex-1-ene (10) participated well in the successive Grignard
reactions of CpMgBr with 2,2,2-trifluoroethyl trifluoroacetate (2a) to produce the corresponding
1-trifluoromethylated propargyl alcohols 4 in good to high yields. Some substrates also gave a
small amount of cyclopentylated byproducts 5 (Scheme 6). It should be noted that the reactions

exhibited a tolerance to chlorine atoms and silyl groups.

o)
MgBr?
I:>7 g F3CkOACF3 o
H (2.5 equiv.) 2a(12equiv) H* HO
/ > — CF; + CF
R THF (5 ml) 20 °C, overnight H,0 R = 3 5 = 3
5

20 °C, 30 min

OH

OH OH OH
=~ CFy /\/\/\CFs \ /\CF3 =~ CFy
n-Oct Cl Si

41 90% (88%)° 4m 84%P (81%)° 4n 76%" (62%)° 40 76%P (74%)°
51 trace® 5m trace® 5n 10%" (8%)° 50 8% (8%)°

@ An Et,0 solution of CpMgBr (2.0 M) was used. ° '°F NMR yields. © Yields of isolated products.

Scheme 6. Substrate scope of aliphatic terminal alkynes 1.

These successive Grignard reactions of CpMgBr with 2,2,2-trifluoroethyl trifluoroacetate (2a)
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can be applied to gram-scale syntheses, as shown in Scheme 7. The reaction of ethynylbenzene

(1a) with 2.5 equiv. of CpMgBr in THF and 1.2 equiv. of 2,2,2-trifluoroethyl trifluoroacetate (2a)

in toluene proceeded smoothly, even on a gram scale, to obtain 1,1,1-trifluoro-4-phenylbut-3-yn-

2-ol (4a) in 75% yield (Scheme 7a). Similarly, the reaction using 1-decyne (11) with 2.5 equiv. of

CpMgBr in Et20 and 1.2 equiv. of 2,2,2-trifluoroethyl trifluoroacetate (2a) in THF also succeeded

in the gram-scale production of 1,1,1-trifluorododec-3-yn-2-ol (41) in 92% yield (Scheme 7b).

These results demonstrate that the operation of the successive Grignard reactions of CpMgBr with

2,2,2-trifluoroethyl trifluoroacetate (2a) and terminal alkynes is amenable to scaling.

a) E>7M95ra )OJ\
F,¢7 07 > CF,

H
Z (2.5 equiv.) 2a (1.2 equiv.) H*

toluene (50 ml) -20 °C, overnight H,O

-20 °C, 30 min
1a (10 mmol)
1.04 g

b)
Do,
MgBr°
FSC)]\O/\CF3
H (2.5 equiv. 2a (1.2 equiv. H*
4 ( quiv.) N ( quiv.) R R

n-Oct THF (50 ml) 20 °C, overnight H,O

20 °C, 30 min
11 (10 mmol)
1469

@ A THF solution of CpMgBr (1.0 M) was used.
b An Et,0 solution of CpMgBr (2.0 M) was used.

Scheme 7. Gram-scale syntheses.

OH
=~ TCF

4a 75%
1.50¢g

OH

41 92%
218g

n-Oct

Commercially available methyl trifluoroacetate (2b) was then used instead of 2,2,2-

trifluoroethyl trifluoroacetate (2a), and the conditions shown in Table 3 were used to perform the

successive Grignard reactions of CpMgBr with the aromatic alkyne ethynylbenzene (1a).

50



Table 3. Optimization of reaction conditions using methyl trifluoroacetate (2b) and

ethynylbenzene (1a).

(0]
MgBr?
y Q F3C)L0Me OH HO HO CF,
= (2.5 equiv.) 2b (1.2 equiv.) H*
Z = CFs =z CFs, ZARS
toluene (5 ml) temp., overnight H,O
temp., 30 min
1a (1 mmol) 4a 5a (trace) 7a
0 HO OMe HO OH OH
+ FsCJ\Cf F3°KQ+ Fsck@ + Fsc&@
9 (ketone, its hemiacetal, and hydrate) 10

9F NMR yield of
Entry Temp. (°C) 4a (%) 7a (%) 9, its hemiacetal, and hydrate (%) 10 (%)

1 -20 24 14 31 34
0 42 19 trace 29
3 20 45 (40)° 35(35)°  trace 30

@ A THF solution of CpMgBr (1.0 M) was used. ° Yields of isolated products.

The reaction of methyl trifluoroacetate (2b) with ethynylbenzene (1a) and CpMgBr under the
same reaction conditions gave only 24% yield of 1-trifluoromethylated propargyl alcohol 4 a; 14%
yield of bis-adduct 1,5-diphenyl-3-(trifluoromethyl)penta-1,4-diyn-3-ol (7a); 31% yield of a
mixture of 1-cyclopentyl-2,2,2-trifluoroethan-1-one (9), its hemiacetal, and its hydrate; and 34%
yield of 1-cyclopentyl-2,2,2-trifluoroethan-1-ol (10) (Table 3, entry 1). An elevated temperature
(20 °C) gave alcohol 4 a in 45% yield and bis-adduct 7a in 35% yield (Entry 3).

As shown in Scheme 8, other commercially available fluorine-containing methyl esters 2, such
as methyl 2-chloro-2,2-difluoroacetate, ethyl 2,2-difluoropropanoate, and methyl 2,2,3,3-
pentafluoropropanoate, also participated in the successive Grignard reactions of CpMgBr with
ethynylbenzene (1a) to give the corresponding 1-chlorodifluoromethyl, 2,2-difluoroethyl,
pentafluoroethyl propargyl alcohols 4a, 11a, 13a, and 15a, respectively, in 40-47% isolated yields,
along with bis-adducts 7a, 12a, 14a, and 16a, respectively, carrying two phenylethynyl groups in

28-36% isolated yields.
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O
>—MgBrd
RF)J\OM HO Rg

H
= (2.5 equiv.) 2 (1.2 equiv.)
toluene (5 ml) 20 °C, overnlght
20 °C, 30 min

1a (1 mmol) 4a, 11a, 13a, 15a 7a, 12a, 14a, 16a
OH OH 0 o)
P F P cl P Me P CF,
7k 7k 7 Pk 7 ¥
4a 45%P (40%)° 11a 47%P (45%)° 13a% 44%" (43%)° 15a 47%P (47%)°
7a 35%P° (35%)° 12a 29%P (28%)° 14a% 37%P (36%)° 16a 36%" (34%)°

@ A THF solution of CpMgBr (1.0 M) was used. ® °F NMR vyields. ° Yields of isolated products.
9 MeCF,CO,Et 2 was used.

Scheme 8. Substrate scope of methyl esters 2 carrying various fluoroalkyl groups with
ethynylbenzene (1a).

When the reaction of methyl ester 2b was carried out with the aliphatic alkyne 1-decyne (11)
under the same conditions as in Scheme 6, alcohol 41 was obtained in 72% yield (Table 4, entry
1). Elevating the temperature from 20 to 40 °C after the addition of 1.2 equiv. of methyl

trifluoroacetate (2b) improved the yield of alcohol 41 to 79% (Entry 2).

Table 4. Optimization of reaction conditions using methyl trifluoroacetate (2b) and 1-decyne (11).

0
O—Mgsra L
F;C~ "OMe

OH
H (2.5 equiv.) 2b (1.2 equiv.) H*
/ - = o /\CF:;
n-Oct THF (5 ml) Temp., overnight H,O n-Oct Z
20 °C, 30 min
11 (1 mmol) 4]

Entry Temp. (°C) 'F NMR yield of 4l (%)

1 20 72
40 79 (78)°

@ An Et,0 solution of CoMgBr (2.0 M) was used.
b Yield of isolated product.
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Other commercially available fluorine-containing methyl esters 2, such as methyl 2-chloro-
2,2-difluoroacetate, ethyl 2,2-difluoropropanoate, and methyl 2,2,3,3-pentafluoropropanoate, also
participated in the successive Grignard reactions of CpMgBr with 1-decyne (11) in THF to afford

alcohols 41, 111, 131, and 15I, respectively, in good to high yields (Scheme 9).

(e}
Dwese I
RF OMe

, , . OH
P H (2.5 equiv.) 2 (1.2 equiv.) H
/ = > g é Re
n-Oct THF (5 ml) 40 °C, overnight Ha0 ot
20 °C, 30 min
11 (1 mmol) 41, 111, 131, 151
OH OH OH OH
%( ] %( CI /§< " %( "
= = = =
n-Oct F F n-Oct F F n-Oct F F n-Oct F F
41 79%P (78%)° 111 75%° (74%)° 1319 87%P (87%)° 151 75%° (75%)°

a An Et,0 solution of CpMgBr (2.0 M) was used. ® "°F NMR yields. ° Yields of isolated
products. ¢ MeCF,CO,Et 2 was used.

Scheme 9. Substrate scope of methyl esters 2 carrying various fluoroalkyl groups with 1-decyne

(11).

To investigate the reaction mechanism in detail, the reaction of 2,2,2-trifluoroethyl
trifluoroacetate (2a) with CpMgBr was carried out without terminal alkyne 1 under the conditions

shown in Scheme 5, and the results are summarized in Table 5.
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Table 5. Reactions of 2,2,2-trifluoroethyl trifluoroacetate (2a) or methyl trifluoroacetate (2b) with
CpMgBr without terminal alkynes.

|:>7MgBra

(0]
P (2.08 equiv.) H* HO><H H%<H H)<H
F,¢” “OR + +
2 (1 | toluene (5 ml) H,O0 F3C” "OR F3C~ "OH F3C~ "OH
(1.2mmol) 20 °C, overnight 8 CF3CHO hydrate  trifluoroethanol

Without terminal alkyne HO OR HO OH

+ F,C” \[) + F,C” \[) + F3C/‘ \[> + F,C” \[>

hemiacetal of 9 hydrate of 9

SF NMR yield of

Entry R 8 (%) CF3CHO Trifluoroethanol (%) 9, its hemiacetal, 10 (%)
hydrate (%) and hydrate (%)

1 CH,CF3 24 18 89 trace 8

2 CHj trace 0 0 15 53

8 A THF solution of CpMgBr (1.0 M) was used.

The reaction of trifluoroethyl ester 2a with CpMgBr without terminal alkyne 1 gave CF;CHO
hemiacetal 8 in 24% yield, its hydrate in 18% yield, and trifluoroethanol in 89% yield (table 5,
entry 1). On the other hand, the reaction of methyl ester 2b in place of trifluoroethyl ester 2a
without terminal alkyne 1 gave cyclopentyl ketone 9 in 15% yield and cyclopentyl trifluoroethanol
10 in 53% yield (Entry 2). Not only the lower LUMO (—1.21 eV) of the ester 2a than those of the
methyl ester 2b (—0.84 eV) (see Supporting Figures and Tables) but also the bigger size of the
trifluoroethyl group than the methyl group should favor the reduction rather than the addition of
the Grignard reagent. The hemiacetal of CF3CHO 8, its hydrate, cyclopentyl ketone 9, and
cyclopentyl trifluoroethanol 10 were detected by HRMS (see Supporting Figures and Tables).

In addition, the reaction of the trifluoroethyl hemiacetal of CF3CHO 8 with alkynyl Grignard
reactants was also studied, as illustrated in Scheme 10. A large excess of alkynyl Grignard reagent
carrying a phenyl group was reacted with the hemiacetal 8 at —20 °C overnight to give the

corresponding propargyl alcohol 4a in 87% yield.

54



HO><H
MgBr?
H E>7 g F;C O/\CF3b HO H

é (5 equiv.) 8 (1 mmol) H*
: 4 CF;
toluene (5 ml) -20 °C, overnight H,0
1a (5 equiv.) -20 °C, 30 min
4a (87%)

@ A THF solution of CpMgBr (1.0 M) was used.
b A trifluoroethanol solution of the hemiacetal of CF3;CHO 8 (61 wt%) was used.

Scheme 10. The reaction of the trifluoroethyl hemiacetal of CF3CHO 8 with alkynyl Grignard reagent.

Based on these results, the reaction mechanism of the successive Grignard reactions of CpMgBr

with 2,2,2-trifluoroethyl trifluoroacetate (2a) and terminal alkynes can be considered to follow the

steps shown in Scheme 11a.
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MgB
a) Aldehyde / aBr
BrMgO 'H o R - H* H, PH
AN — )k P F3c>\
H FiC” \QENEHs FsC” TH Nucleophilic H20 - R
it
MaBr Mg alkoxide of + F3CAOMgBr addition 4
o 9 CF3CHO hemiacetal
F3c)ko’\cr=3 :
I
2a | Ketone 9 MgBr
! gz
| 0 A ”
! OH
et = BI’MgO —_ F-CO N\ o o
3
Nucleophilic || £.c~~0”cF Nucleophilic | Hz20  FaC™ "
Mg alkoxide of + F3;C° "OMgBr 5
cyclopentyl ketone 9
hemiacetal
b) H
O—MQBF " HO_(H
S .
MgBr Alkynyl ketone 3 H,0 . R
/ R o)
R — BrMgO // B E —
€7 Xy
F;C~ "OMe R /MgBr
Mg alkoxide of alkynyl + MeOMgBr R - HO CF,
ketone hemiacetal P S
Nucleophilic pn H,0O 7 X
)k addition 7
F3C OMe
2b
H
Ketone 9
0 MgBr H* HO(H
L~ |BrMgO —
F3C Fac/\ko
Mg alkoxide of + MeOMgBr 10
cyclopentyl ketone 9
hemiacetal
/Br '
Mg}y 0
H
CF;
X
TS X= OCH2CF3, R

Scheme 11. Proposed reaction mechanism for one-pot synthesis of 1-trifluoromethylated propargyl
alcohols 4 using 2,2,2-trifluoroethyl trifluoroacetate (2a) or methyl trifluoroacetate (2b).

The reduction of trifluoroethyl ester 2a>? with CpMgBr proceeds mainly via TS,*® %7 as shown in

Scheme 11, to give the Mg alkoxide trifluoroethyl hemiacetal of CF3CHO, followed by elimination to
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produce highly reactive CF3CHO in-situ. Nucleophilic addition of the alkynyl Grignard reagents to the
in-situ-generated CF;CHO followed by protonation results in the formation of propargyl alcohols 4.
On the other hand, because of the poor reactivity of methyl trifluoroacetate (2b) compared with that
of trifluoroethyl ester 2a, the reduction of methyl trifluoroacetate (2b) with CpMgBr does not occur.
Instead, the nucleophilic addition of CpMgBr or the alkynyl Grignard reagent generated by
deprotonation of the terminal alkyne proceeds predominantly to produce the Mg alkoxides of the
hemiacetal of the alkynyl trifluoromethyl ketone. This is followed by elimination of the methoxide
from the Mg alkoxide, leading to alkynyl trifluoromethyl ketone 3 or cyclopentyl ketone 9, as shown
in Scheme 11b.This is followed by elimination of the methoxide from the Mg alkoxide, leading to
alkynyl trifluoromethyl ketone 3 or reduction of the generated alkynyl ketone 3 with CpMgBr via TS
or the addition of another molecular equivalent of alkynyl Grignard reagent to ketone 3 gave
trifluoromethylated propargyl alcohol 4 or bis-adduct 7, respectively. The reduction of cyclopentyl
ketone 9 with CpMgBr gave alcohol 10.

Finally, 1-trifluoromethylated propargyl alcohols 4 were evaluated as trifluoromethylated building
blocks for the synthesis of 1,5-diaryl-3-(trifluoromethyl)-4,5-dihydro-/ H-pyrazole,’® > an important
skeleton of Enflicoxib,®® which is used for the treatment of pain and inflammation associated with
osteoarthritis in dogs, as shown in Scheme 4b.

The reaction conditions were optimized based on the results of the reactions of non-fluorinated
propargyl alcohols with phenylhydrazine, and the results are summarized in Table 6.5"%* Upon treating
1,1,1-trifluoro-4-phenylbut-3-yn-2-ol (4a) with 1.2 equiv. of phenylhydrazine and 20 mol % of -
BuOK in toluene under reflux for 4 h, the reaction proceeded via the redox isomerization of 1-

trifluoromethylated propargyl alcohols to a, B-unsaturated carbonyl compounds,®*

giving 1,5-
diphenyl-3-(trifluoromethyl)-4,5-dihydro-/ H-pyrazole (17a) in only 6% yield, together with 73%
recovery of starting material 4a (Table 6, entry 1). The use of 1 equiv. of DBU instead of ~-BuOK gave

3-(trifluoromethyl)-4,5-dihydro-/ H-pyrazole 17a in 35% yield, together with 56% recovery of starting
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alcohol 4a (Entry 2). By Increasing the concentration of the reaction solution and prolonging the
reaction time from 4 to 24 h, the yield of product 17a was improved to 90% (Entry 3). DMF was found
to be an unsuitable solvent for the synthesis of product 17a, giving only 62% yield, together with 10%
yield of 1,5-diphenyl-3-(trifluoromethyl)-/H-pyrazole (18a) (Entry 4). At present, the oxidation

process from the 17a to the 18a is not clear.

Table 6. Optimization of reaction conditions for the synthesis of 1,5-diphenyl-3-trifluoromethyl-
dihydropyrazole (17a).

NHNH,
w O Ql
(1.2 equiv.), base
=z Ch - D>—CF; + ) —CFs
solvent, temp., time

4a (0.25 mmol) 17a 18a

9F NMR yield of

Entry Solvent (ml) Base Temp. (°C) Time (h) Dihydropyrazole Pyrazole Recovery of
17a (%) 18a (%) 4a (%)

1 Toluene (1.0) t-BuOK (20 mol%) reflux 4 6 - 73

2 Toluene (1.0) DBU (1 equiv.) reflux 4 35 - 56

3 Toluene (0.5) DBU (1 equiv.) reflux 24 90 (90)2 - 0

4 DMF (0.5) DBU (1 equiv.) 120 24 62 (56)2 10 (10)? 0

2 Yields of isolated products.

Other 1-trifluoromethylpropargyl alcohols 4 carrying various substituent groups on not only
the phenyl ring but also the thienyl group, including 4-(4-ethoxyphenyl)-1,1,1-trifluorobut-3-yn-
2-ol (4b), 1,1,1-trifluoro-4-(p-tolyl)but-3-yn-2-ol (4 d), 4-(4-bromophenyl)-1,1,1-trifluorobut-3-
yn-2-ol (4h), 4-(3,5-bis(trifluoromethyl)phenyl)-1,1,1-trifluorobut-3-yn-2-ol (4i), and 1,1,1-
trifluoro-4-(thiophen-3-yl)but-3-yn-2-ol (4k), also participated well in the reactions with
phenylhydrazine to give the corresponding trifluoromethylated 1,5-diaryldihydropyrazoles 17 in

good to excellent yields (Scheme 12).
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NHNH,
. O Q1

. . —N
(1.2 equiv.), DBU (1 equiv.) N
= CF > >—cF,
T toluene (0.5 ml), 120 °C, time N
X X—I

= =

4 (0.25 mmol) 17

N’N N/N N’N

time: 1d time: 3d time: 3d
17a 90% 17b 72% 17d 82%

: =N : NN : Ny—N
R CF R CF R CF
3 FsC 3 3
7]
Br S
CF,

time: 1d time: 2d time: 3d
17h 92% 17i 88% 17k 87%

Scheme 12. Substrate scope for the synthesis of 1,5-diaryl-3-trifluoromethyldihydropyrazoles 17.

However, for aliphatic propargyl alcohol 1,1,1-trifluorododec-3-yn-2-ol (4l), the reaction
under the same conditions did not proceed smoothly. Instead, 90% of starting alcohol 41 was
recovered, together with a trace amount of the desired 5-alkyl-3-trifluoromethyldihydropyrazole

171.



Conclusion

We have developed a straightforward, functional-group-tolerant, one-pot synthesis for various 3-
aryl-1-trifluoromethylpropargyl alcohols based on two reactions of cyclopentylmagnesium bromide
(CpMgBr) with commercially available 2,2,2-trifluoroethyl trifluoroacetate and terminal alkynes. This
synthetic method involves three successive one-pot reactions: 1) reduction of 2,2,2-trifluoroethyl
trifluoroacetate with CpMgBr, 2) deprotonation of terminal alkynes with CpMgBr, and 3) nucleophilic
addition of in-situ-generated alkynyl Grignard reagents to in-situ-generated CF;CHO, leading to the
corresponding 3-substituted 1-trifluoromethylated propargyl alcohols. This method has some
advantages, such as its one-pot nature, tolerance of functional groups, suppression of bis-propargyl
adduct formation, high product yields (up to 92%), use of commercially available chemicals, ease of
scalability, and product diversity. Furthermore, the obtained aromatic 1-trifluoromethyl propargyl
alcohols reacted smoothly with phenylhydrazine in the presence of DBU in toluene to give good to
excellent yields of 1,5-diaryl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazoles, important skeletons of
Enflicoxib, a drug used for the treatment of pain and inflammation associated with osteoarthritis in

dogs.
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Experimental Section

Measurements.

"H NMR spectra were measured at 392 or 400 MHz, *C NMR spectra were measured at 99 or 101
MHz, and '’F NMR spectra were measured at 369 or 376 MHz. All samples were dissolved in
deuterochloroform (CDCl3) and measured on a JEOL ECS-400 or ECX-400P FT-NMR spectrometer.
Benzotrifluoride was used as an external standard for the ’F NMR measurements. The data are
reported as follows: (s=singlet, d=doublet, t=triplet, q=quartet, quint=quintet, sep = septet, m =
multiplet, br s = broad singlet, coupling constant(s), integration). Melting points were obtained on a
Yanagimoto MP-S3 micro melting point apparatus and are uncorrected. Electrospray ionization mass
spectroscopy (ESI-MS) analysis using MeOH was performed using a JEOL JMS-T100LP (Accu TOF

LC-plus) instrument.

Materials.

Et,0 and THF solutions of cyclopentylmagnesium bromide (CpMgBr) were purchased from Aldrich
Co. and FUJIFILM Wako Pure Chemical Co., respectively. Dehydrated THF and dehydrated toluene
were purchased from Kanto Chemical Co. and FUJIFILM Wako Pure Chemical Co., respectively.
Trifluoroacetaldehyde trifluoroethyl hemiacetal was obtained from Central Glass Co. The pure
products were isolated by column chromatography using silica gel (Wakogel C-200, 100—200 mesh,
Wako Pure Chemical Ind., Ltd. or silica gel 60, spherical, 40-50 mm, Kanto Chemical Co., Inc.).

Analytical TLC was performed on Merck precoated (0.25 mm) silica gel 60 F254 plates.

Typical procedure using ethynylarenes 1 with 2,2,2-trifluoroethyl trifluoroacetate (2a)

Ethynylbenzene (1a) (0.104 g, 1 mmol) was dissolved in dehydrated toluene (5 ml) and cooled to
—20 °C under an argon atmosphere. A THF solution of CpMgBr (2.5 ml, 2.5 mmol, 1.0 M) was added
to the mixture and stirred at —20 °C for 30 min. 2,2,2-Trifluoroethyl trifluoroacetate (2a) (0.245 g, 1.2

mmol) was then added, and the solution was stirred overnight. The resulting mixture was quenched
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with a saturated aqueous NH4Cl solution (20 ml), extracted with dichloromethane (30 m1x3) dried over
Na>SO4, and concentrated under vacuum to obtain the residue. After the yields were measured by '°F
NMR with benzotrifluoride as the standard, the residue was purified by chromatography

(hexane/dichloromethane=1/1) to give 1,1,1-trifluoro-4-phenylbut-3-yn-2-ol (4 a) (0.160 g, 80%).

1,1,1-Trifluoro-4-phenylbut-3-yn-2-ol (4 a). 2

Yield 80%; Rr0.20 (hexane/dichloromethane=1/1); m.p. <30 °C; IR (KBr) 3360 (OH), 2245 (C= C)
cm '; 'TH NMR (CDCls) § 7.51-7.48 (m, 2H, aryl H), 7.40-7.31 (m, 3H, aryl H), 4.96-4.91 (m, 1H,
CH), 3.11 (br s, 1H, OH); "’F NMR (CDCls) & —=79.2 (d, 3F, J=5.7 Hz); *C NMR (CDCls) § 132.2,

129.6, 128.6, 122.9 (q, J/=282.2 Hz), 121.0, 88.1, 80.5, 63.0 (q, J=36.3 Hz).

2-Cyclopentyl-1,1,1-trifluoro-4-phenylbut-3-yn-2-ol (5a).

Yield 7%; R;0.31 (hexane/dichloromethane=1/1); IR (KBr) 3580 (OH), 2252 (C= C) cm'; HRMS
(ESI) found: m/z 291.0994. Caled for CisH;sOFsNa: [M+Na]*, 291.0973; '"H NMR (CDCl3) § 7.48—
7.46 (m, 2H, aryl H), 7.40-7.32 (m, 3H, aryl H), 2.64 (br s, 1H, OH), 2.45 (quin, 1H, J=8.97 Hz, CH),
2.00-1.57 (m, 8H, CH,x4); ’F NMR (CDCl3) & —=78.9 (s, 3F); *C NMR (CDCl3) § 132.1, 129.4,128.5,

124.5 (q, J=285.6 Hz), 121.4, 87.6, 83.3, 75.1 (q, /=30.7 Hz), 44.5, 28.5, 27.9, 25.9, 25 4.

4-Methyl-1-phenyl-3-(trifluoromethyl)pent-1-yn-3-ol (5).

Yield 21%; R;0.43 (hexane/dichloromethane=1/1); IR (KBr) 3441 (OH), 2234 (C= C)cm ;'H
NMR (CDCl3) & 7.51-7.48 (m, 2H, aryl H), 7.40-7.32 (m, 3H, aryl H), 2.72 (s, 1H, OH), 2.27 (sep,
1H, J=6.87 Hz, CH), 1.20 (d, 3H, J=6.87 Hz, CH3), 1.16 (dd, 3H, J=6.87 Hz, 1.37 Hz, CH3); '"F NMR
(CDCl3) 8 =77.0 (s, 3F); '*C NMR (CDCls) § 132.1, 129.4, 128.5, 124.6 (q, J=286.6 Hz), 121.4, 88.0,

82.8,75.8 (q,J=30.1 Hz), 33.8, 17.9, 17.6.
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1,1,1-Trifluoro-5-methyl-4-phenylhex-3-en-2-one (6).

Yield trace; R;0.75 (hexane/dichloromethane=1/1); IR (KBr) 1728 (C=0), 1597 (C=C) cm!; HRMS
(ESI) found: m/z 265.0842. Caled for C13H130F3Na: [M+Na]*, 265.0816; '"H NMR (CDCls) § 7.42—
7.38 (m, 3H, aryl H), 7.13-7.10 (m, 2H, aryl H), 6.46 (s, 1H, vinyl H), 2.79 (sepd, 1H, J=6.73 Hz, 0.90
Hz, CH), 1.17-1.15 (d, J=6.73 Hz, 6H, CH3x2); "’F NMR (CDCl3) 6 —78.9 (s, 3F); '*C NMR (CDCl5)

0179.1 (q, J/=33.8 Hz), 175.3,139.1, 128.4, 128.3, 126.8, 116.2 (q, /=292.2 Hz), 114.1, 38.6, 21.0.

4-(4-Ethoxyphenyl)-1,1,1-trifluorobut-3-yn-2-ol (4b).

Yield 81%; R;0.15 (hexane/dichloromethane=1/1); m.p.=76.1 °C; IR (KBr) 3391 (OH), 2225 (C= C)
cm '; 'THNMR (CDCls) & 7.37 (d, 2H, J=8.93 Hz, aryl H), 6.82 (d, 2H, J=8.93 Hz, aryl H), 4.92-4.86
(m, 1H, CH), 4.01 (q, 2H, J=6.87 Hz, CH>), 2.98 (d, 1H, J=8.24 Hz, OH), 1.40 (t, 3H, J=6.87 Hz,
CHs); F NMR (CDCls) 6-79.3 (d, 3F,J=5.8 Hz); °*C NMR (CDCl3) §159.9, 133.7, 122.9

(q, J=281.8 Hz), 114.7, 112.8, 88.3, 79.2, 63.8, 63.1 (q, J=36.4 Hz), 14.7.

2-Cyclopentyl-4-(4-ethoxyphenyl)-1,1,1-trifluorobut-3-yn-2-ol (5b).

Yield 7%; R;0.23 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2303 (C= C) cm'; HRMS
(ESI) found: m/z 313.1414. Calcd for C17H2002F3: [M+H]", 313.1415; '"H NMR (CDCl3) & 7.38 (d,
2H, J=8.76 Hz, aryl H), 6.84 (d, 2H, J=8.76 Hz, aryl H), 4.04 (q, 1H, J=6.81 Hz, CH>CH3), 2.60 (br s,
IH, OH), 2.43 (quin, 1H, J=8.98 Hz, CH), 2.00-1.57 (m, 8H, CH2.4), 1.42 (t, 3H, J=6.81 Hz,
CH>CHj3); "F NMR (CDCl3) § =79.0 (s, 3F); *C NMR (CDCls) § 159.8, 133.7, 124.5 (q, J=285.6 Hz),

114.7, 113.2, 87.8, 82.0, 75.1 (q, J/=30.7 Hz), 63.7, 44.5, 28.5, 27.9, 25.9, 25.4, 14.8.

1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-yn-2-ol (4¢). 2°
Yield 78%; Rr0.44 (dichloromethane); m.p.=42.6 °C; IR (KBr) 3414 (OH), 2226 (C= C)cm!; 'H
NMR (CDCl) ¢ 7.39 (d, 2H, J=8.70 Hz, aryl H), 6.85 (d, 2H, J=8.70 Hz, aryl H), 4.95-4.89 (m, 1H,

CH), 3.81 (s, 3H, CH3), 3.40 (d, 1H, J=8.24 Hz, OH); '°F NMR (CDCls)  —79.3 (d, 3F, J=5.8 Hz); 1°C
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NMR (CDCls) 6 160.4, 133.7, 123.0 (q, J/=281.8 Hz), 114.2, 113.1, 88.1, 79.3, 63.0 (q, J/=36.4 Hz),

55.4.

2-Cyclopentyl-1,1,1-trifluoro-4-(4-methoxyphenyl)but-3-yn-2-ol (5c).

Yield 6%; R;0.23 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2307 (C= C) cm!'; HRMS
(ESI) found: m/z 299.1275. Calcd for CisHisO2F3: [M+H]*, 299.1259; 'H NMR (CDCls) § 7.40 (d,
2H, J=8.53 Hz, aryl H), 6.85 (d, 2H, J=8.53 Hz, aryl H), 3.81 (s, 3H, CH3), 2.69 (br s, 1H, OH), 2.43
(quin, 1H, J=8.53 Hz, CH), 1.94-1.58 (m, 8H, CH2-4); '’F NMR (CDCI3) 5 —78.9 (s, 3F); *C NMR
(CDCl3) 0 160.4, 133.7, 124.5 (q, J=285.6 Hz), 114.2, 113.4, 87.7, 82.1, 75.1 (q, J=30.1 Hz), 55.5,

445, 28.5,27.9,25.9,254.

1,1,1-Trifluoro-4-(p-tolyl)but-3-yn-2-ol (4d). >

Yield 81%; R;0.18 (hexane/dichloromethane=1/1); m.p.=69.8 °C; IR (KBr) 3302 (OH), 2230 (C= C)
cm'; THNMR (CDCls) 6 7.39 (d, 2H, J=8.24 Hz, aryl H), 7.15 (d, 2H, J=8.24 Hz, aryl H), 4.97-4.91
(m, 1H, CH), 3.13 (d, 1H, J=8.24 Hz, OH), 2.37 (s, 3H, CH3); ’F NMR (CDCl3) § =79.4 (d, 3F, J=5.6
Hz); ’C NMR (CDCl;) §140.0, 132.1, 129.3, 122.9 (q,J=281.9 Hz), 117.9, 88.4, 79.8, 63.1

(q, J=36.6 Hz), 21.6.

2-Cyclopentyl-1,1,1-trifluoro-4-(p-tolyl)but-3-yn-2-ol (5d).

Yield 7%; R;0.36 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2307 (C= C) cm!; HRMS
(ESI) found: m/z 305.1111. Calcd for C16H;70F3Na: [M+Na]", 305.1129; '"H NMR (CDCl3) & 7.36 (d,
2H, J=8.31 Hz, aryl H), 7.14 (d, 2H, J=8.31 Hz, aryl H), 2.63 (br s, 1H, OH), 2.45 (quin, 1H, J=8.53
Hz, CH), 2.36 (s, 3H, CH3), 1.96-1.58 (m, 8H, CH2:4); '°F NMR (CDCl3) & —78.9 (s, 3F); 3C NMR
(CDCl3) 6 139.7 (s), 132.0 (s), 129.3 (s), 124.5 (q, J/=288.5 Hz), 118.3 (s), 87.8 (s), 82.7 (s), 75.1

(q, J=31.0 Hz), 44.5 (), 28.5 (s), 27.9 (8), 25.9 (s), 25.4 (s), 21.7 ().
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4-(1,1'-Biphenyl]-4-yl)-1,1,1-trifluorobut-3-yn-2-ol (4e).

Yield 75%; Rr0.16 (hexane/dichloromethane=1/1); m.p.=106.2 °C; IR (KBr) 3352 (OH), 2230 (C
= C) cm '; HRMS (ESI) found: m/z 277.0860. Calcd for C16H120F3: [M+H]*, 277.0840; 'H NMR
(CDCl3) 6 7.61-7.56 (m, 6H, aryl H), 7.48 (t, J/=7.22 Hz, 2H, aryl H), 7.41 (t, 1H, J=7.22 Hz, aryl H),
4.99-4.97 (m, 1H, CH), 2.86 (d, 1H, J=6.87 Hz, OH); ’F NMR (CDCls) & —79.1 (d, 3F, J=5.8
Hz); 3C NMR (CDCls) § 142.4, 140.1, 132.6, 129.0, 128.0, 127.2, 122.9 (q, J=281.8 Hz), 119.8, 88.1,

81.0, 63.1 (q, J=36.4 Hz).

4-([1,1’-Biphenyl]-4-yl)-2-cyclopentyl-1,1,1-trifluorobut-3-yn-2-ol (Se).

Yield 8%; R0.30 (hexane/dichloromethane=1/1); m.p.=74.0 °C; IR (KBr) 3576 (OH), 2307 (C= C)
cm'; HRMS (ESI) found: m/z 345.1493. Calcd for C21H20OF3: [M+H]", 345.1466; 'H NMR (CDCls)
0 7.60-7.53 (m, 6H, aryl H), 7.46 (t, 2H, J=7.33 Hz, aryl H), 7.38 (t, 1H, J=7.33 Hz, aryl H), 2.67 (br
s, IH, OH), 2.47 (quin, 1H, J=9.62 Hz, CH), 1.96-1.60 (m, 8H, CH2+4); 'F NMR (CDCl3) § —78.8 (s,
3F); 3C NMR (CDCl3) § 142.2, 140.2, 132.6, 129.1, 128.0, 127.2, 124.5 (q, J=285.6 Hz), 120.2, 87.5,

83.9,75.2 (q,J=30.7 Hz), 44.5, 28.5, 27.9, 25.9, 25 4.

1,1,1-Trifluoro-4-(4-fluorophenyl)but-3-yn-2-ol (4f).

Yield 71%; Rr0.20 (hexane/dichloromethane=1/1); m.p.=45.3 °C; IR (KBr) 3352 (OH), 2252 (C= C)
cm '; HRMS (ESI) found: m/z 241.0233. Caled for CioH¢OFsNa: [M+Na]*, 241.0252; '"H NMR
(CDCl3) & 7.46 (dd, 2H, J=8.71 Hz, 5.50 Hz, aryl H), 7.02 (t, 2H, J=8.71 Hz, aryl H), 4.96-4.88 (m,
1H, CH), 3.10-3.02 (m, 1H, OH); '°F NMR (CDCl3) § —=79.2 (d, 3F, J=5.8 Hz), —108.66—108.73 (m,
1F); 3C NMR (CDCl3) & 163.3 (d, J=251.1 Hz), 134.2 (d, J=8.6 Hz), 122.9 (q, /=280.8 Hz), 117.1

(d, /=3.8 Hz), 115.9 (d, J=22.2 Hz), 87.1, 80.2, 63.0 (q, /=36.4 Hz).

2-Cyclopentyl-1,1,1-trifluoro-4-(4-fluorophenyl)but-3-yn-2-ol (5f).
Yield 8%; R;0.34 (hexane/dichloromethane=1/1); IR (KBr): 3576 (OH), 2303 (C= C) cm !; HRMS

(EST) found: m/z 287.1036. Caled for CisHisOF4: [M+H]", 287.1059; 'H NMR (CDCls) & 7.45-7.42
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(m, 2H, aryl H), 7.04-7.00 (m, 2H, aryl H), 2.68 (br s, 1H, OH), 2.43 (quin, 1H, J=8.70 Hz, CH), 1.94—
1.83 (m, 2H, CH»), 1.80-1.55 (m, 6H, CH»x3); '°F NMR (CDCl3) § —78.9 (s, 3F), =109.1—109.0 (m,
1F); *C NMR (CDCls) § 163.2 (d, J=250.9 Hz), 134.2 (d, J=8.5 Hz), 124.4 (q, J=285.6 Hz), 117.5

(d, J=3.8 Hz), 115.9 (d, J=22.6 Hz), 86.6, 83.2, 75.1 (q, J=31.0 Hz), 44.5, 28.5, 27.8, 25.9, 25.4.

4-(4-Chlorophenyl)-1,1,1-trifluorobut-3-yn-2-ol (4g). *’

Yield 74%; R;0.16 (hexane/dichloromethane=1/1); m.p.=55.8 °C; IR (KBr) 3352 (OH), 2234 (C= ()
cm '; 'TH NMR (CDCls) & 7.39 (d, 2H, J=8.24 Hz, aryl H), 7.30 (d, 2H, J=8.24 Hz, aryl H), 4.95-4.92
(m, 1H, CH), 3.16 (d, 1H, J=7.33 Hz, OH); '°F NMR (CDCls) & —=79.1 (d, 3F, J=5.8 Hz); *C NMR
(CDCl3) 6 135.9 (s), 133.4 (s), 128.9 (s), 122.8 (q, J=281.8 Hz), 119.4 (s), 87.0 (s), 81.3 (s), 63.0

(q, J=36.4 Hz).

4-(4-Chlorophenyl)-2-cyclopentyl-1,1,1-trifluorobut-3-yn-2-ol (5g).

Yield 8%; R;0.36 (hexane/dichloromethane=1/1); IR (KBr) 3572 (OH), 2307 (C= C) cm™'; HRMS
(ESI) found: m/z 303.0756. Calcd for C1sH;sOF5Cl: [M+H], 303.0764; 'H NMR (CDCls) & 7.39 (d,
2H, J=8.53 Hz, aryl H), 7.32 (d, 2H, J=8.53 Hz, aryl H), 2.64 (br s, 1H, OH), 2.44 (quin, 1H, J=8.53
Hz, CH), 1.94-1.60 (m, 8H, CH2.4); '’F NMR (CDCls) § —78.8 (s, 3F); 3C NMR (CDCl3) § 135.4,

133.2,128.8, 124.3 (q, J/=285.6 Hz), 119.7, 86.3, 84.2,75.0 (q, J/=30.1 Hz), 44.3, 28.3,27.7,25.7,25.2.

4-(4-Bromophenyl)-1,1,1-trifluorobut-3-yn-2-ol (4h). %

Yield 72%; Rr0.21 (hexane/dichloromethane=1/1); m.p.=63.3 °C; IR (KBr) 3364 (OH), 2249 (C= C)
cm'; TH NMR (CDCls) § 7.46 (d, 2H, J=8.70 Hz, aryl H), 7.31 (d, 2H, J=8.70 Hz, aryl H), 4.96-4.90
(m, 1H, CH), 3.21 (d, 1H, J=7.79 Hz, OH); '’F NMR (CDCls) § —79.2 (d, 3F, J=5.7 Hz); *C NMR

(CDCl3) 6 133.5, 131.9, 124.2, 122.8 (q, J=281.9 Hz), 119.8, 87.1, 81.4, 63.0 (q, J/=36.6 Hz)
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4-(4-Bromophenyl)-2-cyclopentyl-1,1,1-trifluorobut-3-yn-2-ol (Sh).

Yield 8%; R;0.33 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2307 (C= C) cm'; HRMS
(ESI) found: m/z 347.0240. Calcd for C1sH;sOF3Br: [M+H]", 347.0258; '"H NMR (CDCI;3) & 7.48 (d,
2H, J=8.53 Hz, aryl H), 7.32 (d, 2H, J=8.53 Hz, aryl H), 2.69 (br s, 1H, OH), 2.44 (quin, 1H, J=8.98
Hz, CH), 1.93-1.60 (m, 8H, CH1.4); "’F NMR (CDCl3) § —78.8 (s, 3F); *C NMR (CDCl;) & 133.5,

131.9, 124.4 (q, J=285.6 Hz), 123.8, 120.3, 86.5, 84.5, 75.1 (q, J=31.0 Hz), 44.5, 28.5, 27.8, 25.9, 25.4.

4-(3,5-Bis(trifluoromethyl)phenyl)-1,1,1-trifluorobut-3-yn-2-ol (4i).

Yield 73%; Ry 0.24 (hexane/dichloromethane=1/1); m.p.=68.0 °C; IR (KBr) 3448 (OH), 2260 (C= C)
cm'; HRMS (ESI) found: m/z 337.0297. Caled for C12H¢OFo: [M+H]", 337.0275; '"H NMR (CDCls)
§7.92 (s, 2H, aryl H), 7.88 (s, 1H, aryl H), 4.99-4.93 (m, 1H, CH), 2.75 (d, J/=8.24 Hz, 1H, OH); '°F
NMR (CDCl3) § —63.2 (s, 6F), —=79.0 (d, 3F, J=5.8 Hz); *C NMR (CDCl;) & 132.6 (q, J=34.5 Hz),
132.15, 132.12, 123.3, 123.2 (m), 122.9 (q, J/=273.2 Hz), 122.7 (q,J=281.8 Hz), 84.9, 83.8, 63.0

(q, J=36.4 Hz).

Methyl 4-(4,4,4-trifluoro-3-hydroxybut-1-yn-1-yl)benzoate (4j).

Yield 50%; Rr0.16 (dichloromethane); m.p.=69.4 °C; IR (KBr) 3406 (OH), 2306 (C= C), 1713
(C=0) cm™'; HRMS (ESI) found: m/z 259.0598. Caled for C12H10OsF3: [M+H], 259.0582; 'H NMR
(CDCl3) 6 7.97 (d, 2H, J=8.08 Hz, aryl H), 7.47 (d, 2H, J=8.08 Hz, aryl H), 4.96-4.93 (m, 1H, CH),
3.92 (s, 3H, OCH3), 3.46 (d, 1H, J=5.83 Hz, OH); "’F NMR (CDCIl3) & —79.0 (d, 3F, J=5.7 Hz); °C
NMR (CDCls) 6 166.9, 132.1, 130.5, 129.6, 125.8, 122.9 (q, J/=281.9 Hz), 86.7, 83.5, 63.0 (t, J/=36.6

Hz), 52.6.

1,1,1-Trifluoro-4-(thiophen-3-yl)but-3-yn-2-ol (4k).
Yield 80%; R0.18 (hexane/dichloromethane=1/1); IR (KBr) 3333 (OH), 2230 (C= C) cm !; HRMS
(ESI) found: m/z207.0110. Calcd for CoHsOF3S: [M+H]*, 207.0091; '"H NMR (CDCls) & 7.56 (d,

1H, J=2.92 Hz, aryl H), 7.29 (dd, 1H, J=4.94 Hz, 2.92 Hz, aryl H), 7.15 (d, 1H, J=4.94 Hz, aryl H),
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491 (q, 1H, J=5.82 Hz, CH), 2.80 (br s, 1H, OH); ’F NMR (CDCl3) § —79.1 (d, J=5.8 Hz, 3F); 13C

NMR (CDCls) 8 131.0, 129.9, 125.9, 122.9 (q, J=281.9 Hz), 120.0, 83.5, 80.2, 63.1 (q, J/=35.7 Hz).

2-Cyclopentyl-1,1,1-trifluoro-4-(thiophen-3-yl)but-3-yn-2-ol (5k).

Yield 7%; R;0.28 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2307 (C= C) cm'; HRMS
(ESI) found: m/z 297.0508. Calcd for C13H130F3NaS: [M+Na]*, 297.0537; '"H NMR (CDCl3) § 7.53
(dd, 2H, J=2.92 Hz, 1.35 Hz, aryl H), 7.29 (dd, 2H, J=4.94 Hz, 2.92 Hz, aryl H), 7.13 (dd, 2H, J=4.94
Hz, 1.35 Hz, aryl H), 2.65 (br s, 1H, OH), 2.43 (quin, 1H, J=8.98 Hz, CH), 1.95-1.56 (m, 8H, CH> x
4); "FNMR (CDCls) § —78.8 (s, 3F); *C NMR (CDCl3) § 130.5, 130.0, 125.8, 124.4 (q, J=285.6 Hz),

120.5, 83.1, 82.8, 75.1 (q, J=30.1 Hz), 44.5, 28.5, 27.8, 25.9, 25.3

Typical procedure using aliphatic terminal alkynes 1 with 2,2,2-trifluoroethyl trifluoroacetate
(22)

1-Decyne (11) (0.146 g, 1 mmol) was dissolved in dry THF (5 ml) and cooled to 0 °C under an argon
atmosphere. An Et,O solution of CpMgBr (1.3 ml, 2.5 mmol, 2.0 M) was added to the mixture and
stirred at 20 °C for 30 min and then at 0 °C for 5 min. 2,2,2-Trifluoroethyl trifluoroacetate (2 a) (0.245
g, 1.2 mmol) was then added, and the solution was stirred at 20 °C overnight. The resulting mixture
was quenched with a saturated aqueous NH4Cl solution (20 ml), extracted with dichloromethane (30
mlx3) dried over Na>SOs, and concentrated under vacuum to obtain the residue. After the yields were
measured by '°F NMR with benzotrifluoride as the standard, the residue was purified by
chromatography (hexane/dichloromethane=2/1) to give 1,1,1-trifluorododec-3-yn-2-ol (41) (0.21 g,
88%).

1,1,1-Trifluorododec-3-yn-2-ol (41).
Yield 88%; Rr0.23 (hexane/dichloromethane=2/1); IR (KBr) 3426 (OH), 2245 (C= C) cm !; HRMS
(ESI) found: m/z 237.1474. Calcd for C12H200F3: [M+H]", 237.1466; '"H NMR (CDCls) § 4.67-4.62

(m, 1H, CH), 2.43 (br s, 1H, OH), 2.24 (td, 2H, J=7.33 Hz, 1.83 Hz, C=CCH,CH.), 1.53 (quin,
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2H, J=7.33 Hz, C=CCH,CH>), 1.40—1.34 (m, 2H, CH>), 1.32-1.22 (m, 8H, CH2.4), 0.88 (t, 3H, J=6.87
Hz, CHs); ’F NMR (CDCls) & —79.8 (d, 3F, J=5.7 Hz); '*C NMR (CDCls) & 123.0 (q, /=280.9 Hz),
89.8 (s), 72.2 (s), 62.6 (q, J=35.7 Hz), 31.9 (s), 29.3 (s), 29.1 (s), 28.9 (s), 28.2 (s), 22.8 (5), 18.6 (5),
14.1 (s).

8-Chloro-1,1,1-trifluorooct-3-yn-2-ol (4m).

Yield 81%; Rr0.20 (hexane/dichloromethane=1/1); IR (KBr) 3437 (OH), 2245 (C= C) cm !; HRMS
(ESI) found: m/z 215.0434. Calcd for CsHi1OF5Cl: [M+H]*, 215.0451; '"H NMR (CDCls) § 4.67-4.62
(m, 1H, CH), 3.55 (t, 2H, J=6.64 Hz, CH.CH:Cl), 2.92 (br s, 1H, OH), 2.29 (td, 2H, J=6.87 Hz, 1.83
Hz, C=CCH:CHz), 1.87 (quin, 2H,J=6.98 Hz, CH,CH>CH»), 1.68 (quin, 2H,J=7.33 Hz,
CH,CH>CH,); 'F NMR (CDCl3) 6 —79.8 (d, 3F, J=5.8 Hz); *C NMR (CDCl3) & 122.9 (q, J=281.8

Hz), 88.6, 72.8, 62.4 (q, J/=36.1 Hz), 44.5,31.4,25.2, 17.9.

4-(Tert-butyldimethylsilyl)-1,1,1-trifluorobut-3-yn-2-ol (4n).

Yield 62%; Rr0.35 (hexane/dichloromethane=1/1); IR (KBr) 3356 (OH), 2307 (C= C) cm'; HRMS
(ESI) found: m/z 239.1070. Calcd for C1oHisOF3Si: [M+H]", 239.1079; '"H NMR (CDCls) & 4.66 (q,
2H, J=5.64 Hz, CH), 2.68 (br s, IH, OH), 0.94 (s, 9H, CH33), 0.14 (s, 6H, CH3x2); '’F NMR (CDCl3)
8 —79.4 (d, 3F, J=5.6 Hz); *C NMR (CDCl3) § 122.8 (q, J=280.9 Hz), 97.0, 92.9, 62.8 (q, /=36.6 Hz),

26.0, 16.6, —4.98.

4-(Tert-butyldimethylsilyl)-2-cyclopentyl-1,1,1-trifluorobut-3-yn-2-ol (5n).

Yield 8%; R0.50 (hexane/dichloromethane=1/1); IR (KBr) 3576 (OH), 2307 (C= C) cm'; HRMS
(ESI) found: m/z 307.1676. Calcd for C1sH260F3Si: [M+H]", 307.1705; 'H NMR (CDCl3) § 2.56 (br
s, 1H, OH), 2.34 (quin, J=8.24 Hz, 1H, CH), 1.90-1.51 (m, 8H, CH2+4), 0.94 (s, 9H, CH3x3), 0.13 (s,
6H, CH3.2); ’F NMR (CDCl3) 8 —=79.0 (s, 3F); *C NMR (CDCl3) § 124.3 (q, J=285.6 Hz), 99.9, 92.0,

74.8 (q,J=30.1 Hz), 44.2, 28.4, 27.8, 26.03, 25.95, 25.4, 16.6, —4.80, —4.84.

69



4-(Cyclohex-1-en-1-yl)-1,1,1-trifluorobut-3-yn-2-ol (40).

Yield 74%; Rr0.25 (hexane/dichloromethane=1/1); IR (KBr) 3333 (OH), 2230 (C= C), 1678 (C=C)
cm™!'; HRMS (ESI) found: m/z 205.0827. Calcd for C1oH120F3: [M+H]", 205.0840; '"H NMR (CDCls)
0 6.23-6.21 (m, 1H, C=CH), 4.78 (q, 1H, J=5.87 Hz, CF3CH), 3.02 (br s, 1H, OH), 2.13-2.06 (m, 4H,
CH2:2), 1.66-1.56 (m, 4H, CH,.2); "’F NMR (CDCls) § —=79.6 (d, 3F, J=5.9 Hz); *C NMR (CDCls)

5 138.1, 123.0 (q, J=281.9 Hz), 119.2, 89.8, 77.9, 62.9 (q, J=36.6 Hz), 28.6, 25.7, 22.1, 21 4.

4-(Cyclohex-1-en-1-yl)-2-cyclopentyl-1,1,1-trifluorobut-3-yn-2-ol (50).

Yield 8%; Rr0.28 (hexane/dichloromethane=1/1); IR (KBr) 3410 (OH), 2307 (C= C), 1678 (C=C)
cm'; HRMS (ESI) found: m/z 273.1495. Calcd for C1sH20OF3: [M+H]", 273.1466; 'H NMR (CDCls)
0 6.20-6.18 (m, 1H, C=CH), 2.54 (br s, 1H, OH), 2.36 (quin, 1H, J=8.24 Hz, CH,CHCH>), 2.13-2.08
(m, 4H, CH22), 1.89-1.54 (m, 12H, CH2x6); 'F NMR (CDCl3) § —79.1 (s, 3F); *C NMR (CDCl;) &
137.5, 124.5 (q, J=285.6 Hz), 119.4, 89.5, 80.6, 75.0 (q, /=30.1 Hz), 44.4, 28.9, 28.4,27.8, 25.9, 25.7,

25.3,22.2,21.4.

2,2,2-Trifluoro-1-(2,2,2-trifluoroethoxy)ethan-1-ol (8) >°
HRMS (ESI) found: m/z 199.0170. Caled for C4HsO,Fe: [M+H]", 199.0194; '"H NMR (CDClI3) 0 5.03
(q, 1H, J=3.70 Hz, CH), 4.16 (q, 2H, J=8.53 Hz, CHz); '°F NMR (CDCls) § ~74.2 (t, 3F, J=8.5 Hz),

~83.3 (d, 3F, J=3.7 Hz).

1-Cyclopentyl-2,2,2-trifluoroethan-1-ol (10)

Rr0.38 (hexane/dichloromethane=1/1); IR (KBr) 3391 (OH) cm™'; HRMS (ESI) found: m/z 167.0680.
Calcd for C7H0OF3: [M—H], 167.0684; '"H NMR (CDCl3) & 3.85-3.77 (m, 1H, CF3CH), 2.46 (d,
1H, J=5.95 Hz, OH), 2.20-2.10 (m, 1H, CH), 1.87-1.76 (m, 2H, CH>), 1.71-1.36 (m, 6H, CH.3); '°F
NMR (CDCls) § =77.5 (d, 3F, J=7.2 Hz); *C NMR (CDCls) & 125.5 (q, J=282.8 Hz), 73.5 (q, J=29.7

Hz), 40.1, 29.1, 27.8, 25.4, 25.1.
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Typical procedure using ethynylbenzene (1a) with fluorine-containing carboxylic acid esters 2

Ethynylbenzene (1a) (0.104 g, 1 mmol) was dissolved in dehydrated toluene (5 ml) and cooled under
an argon atmosphere at 0 °C. A THF solution of CpMgBr (2.5 ml, 2.5 mmol, 1.0 M) was added and
stirred at 0 °C for 30 min; methyl trifluoroacetate (2 b) (0.157 g, 1.2 mmol) was then added and stirred
overnight. The resulting mixture was quenched with a saturated aqueous NH4Cl solution (20 ml),
extracted with dichloromethane (30 mlx3) dried over Na>SO4, and concentrated under vacuum to
obtain the residue. After the yields were measured by '’F NMR with benzotrifluoride as the standard,
the residue was purified by chromatography (hexane/dichloromethane=1/1) to give 1,1,1-trifluoro-4-

phenylbut-3-yn-2-ol (4 a) (0.080 g, 40%).

1,5-Diphenyl-3-(trifluoromethyl)penta-1,4-diyn-3-ol (7a).

Yield 35%; R;0.23 (hexane/dichloromethane=1/1); IR (KBr) 3418 (OH), 2237 (C= C) cm '; HRMS
(ESI) found: m/z 299.0685. Calcd for C1sHi0OF3: [M—H] ", 299.0684; '"H NMR (CDCl3) § 7.55-7.53
(m, 4H, aryl H), 7.43-7.34 (m, 6H, aryl H), 3.29 (br s, 1H, OH); '°F NMR (CDCl3) § —81.2 (s, 3F); 1°C

NMR (CDCls) 6 132.3, 129.8, 128.5, 122.3 (q, J=284.7 Hz), 120.8, 86.6, 81.5, 65.6 (q, /=36.6 Hz).

1-Chloro-1,1-difluoro-4-phenylbut-3-yn-2-ol (11a). &

Yield 45%; Rr0.20 (hexane/dichloromethane=1/1); IR (KBr): 3572 (OH), 2253 (C= C)cm'; 'H
NMR (CDCls) 6 7.50-7.48 (m, 2H, aryl H), 7.41-7.31 (m, 3H, aryl H), 4.95 (q, 1H, J=6.70 Hz, CH),
3.03 (d, 1H,J=6.70 Hz, OH); '’F NMR (CDCls) & —64.8 (dd, 1F, J=162.3 Hz, 6.7 Hz), —64.9 (dd,
1F, J=162.3 Hz, 5.7 Hz); 3*C NMR (CDCl3) § 132.1, 129.6, 128.6, 127.5 (t, J=296.9 Hz), 121.0, 88.3,

81.3, 67.9 (t, /=32.0 Hz).

3-(Chlorodifluoromethyl)-1,5-diphenylpenta-1,4-diyn-3-ol (12a).
Yield 28%; R;0.28 (hexane/dichloromethane=1/1); IR (KBr) 3541 (OH), 2237 (C= C) cm !; HRMS
(ESI) found: m/z 339.0345. Calcd for C1sH11OF2NaCl: [M+Na]*, 339.0364; '"H NMR (CDCls) § 7.55—

7.53 (m, 4H, aryl H), 7.43-7.34 (m, 6H, aryl H), 3.30 (br s, 1H, OH); '°F NMR (CDCl3) § —66.3 (s,
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2F); 3C NMR (CDCls) § 132.3, 129.8, 128.6, 127.7 (t, J=301.6 Hz), 120.8, 86.9, 82.1, 69.8 (t, J=31.0

Hz).

4,4-Difluoro-1-phenylpent-1-yn-3-ol (13a).

Yield 43%; Rr0.15 (hexane/dichloromethane=1/1); IR (KBr) 3426 (OH), 2230 (C= C) cm !; HRMS
(ESI) found: m/z 195.0617. Caled for C11HoOF2: [M+H]*, 195.0621; '"H NMR (CDCl3) § 7.50-7.47
(m, 2H, aryl H), 7.39-7.30 (m, 3H, aryl H), 4.77-4.72 (m, 1H, CH), 2.88 (d, 1H, J=6.87 Hz, OH), 1.80
(t, 3H, J=18.6 Hz, CH3); '°F NMR (CDCl3) § —101.9 (dqd, 1F, J=243.9 Hz, 18.6 Hz, 8.1 Hz), —102.3
(dqd, 1F, J=243.9 Hz, 18.6 Hz, 8.1 Hz); *C NMR (CDCIl3) § 132.0, 129.2, 128.5, 121.9 (t, J=244.3

Hz), 121.6, 87.1, 83.6, 66.0 (t, J/=32.9 Hz), 19.2 (t, J=26.3 Hz).

3-(1,1-Difluoroethyl)-1,5-diphenylpenta-1,4-diyn-3-ol (14a).

Yield 36%; Rr0.20 (hexane/dichloromethane=1/1); IR (KBr) 3557 (OH), 2234 (C= C) cm '; HRMS
(ESI) found: m/z 319.0929. Caled for C19H4OF>Na: [M+Na]*, 319.0910; '"H NMR (CDCl3) § 7.54—
7.51 (m, 4H, aryl H), 7.40-7.32 (m, 6H, aryl H), 3.05 (br s, 1H, OH), 1.98 (t, 3H, J=18.0 Hz, CH3); '°F
NMR (CDCl3) §-103.6 (q, 2F,J=18.0 Hz); *C NMR (CDCl3) §132.2, 129.4, 128.5, 121.8

(t, J=251.3 Hz), 121.4, 85.8, 84.1, 68.0 (t, /=32.0 Hz), 19.2 (t, J=25.4 Hz).

4,4,5,5,5-Pentafluoro-1-phenylpent-1-yn-3-ol (15a).

Yield 47%; Rr0.28 (hexane/dichloromethane=1/1); m.p. <30 °C; IR (KBr) 3576 (OH), 2241 (C= C)
cm'; HRMS (ESI) found: m/z 273.0292. Caled for C11H;OFsNa: [M+Na]*, 273.0315; 'H NMR
(CDCL3) 6 7.51-7.48 (m, 2H, aryl H), 7.42-7.33 (m, 3H, aryl H), 5.09-5.02 (m, 1H, CH), 2.78 (d,
1H, J=8.24 Hz, OH); ’FNMR (CDCl3) § —81.0 (s, 3F), —123.3 (dd, 1F, J=271.0 Hz, 10.1 Hz), —127.3
(dd, 1F, J=271.0 Hz, 10.1 Hz); "*C NMR (CDCls) § 132.1, 129.7, 128.6, 121.0, 118.9 (qt, J/=273.2 Hz,

35.5 Hz), 112.0 (tq, J=273.2 Hz, 35.5 Hz), 89.1, 80.0, 62.4 (t, J=28.8 Hz).
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3-(Perfluoroethyl)-1,5-diphenylpenta-1,4-diyn-3-ol (16a).

Yield 34%; Rr0.29 (hexane/dichloromethane=1/1); IR (KBr) 3557 (OH), 2237 (C= C) cm !; HRMS
(ESI) found: m/z 373.0604. Caled for CioHi1OFsNa: [M+Na]*, 373.0628; 'H NMR (CDCls) § 7.55—
7.52 (m, 4H, aryl H), 7.43-7.34 (m, 6H, aryl H), 3.24 (br s, 1H, OH); '°F NMR (CDCl3) § —77.6 (s,
3F), —121.3 (s, 2F); 3*C NMR (CDCl5) § 132.2, 129.9, 128.6, 120.8, 118.8 (qt, J=258.9 Hz, 35.2 Hz),

111.7 (tq, J=258.9 Hz, 35.2 Hz), 87.5, 81.3, 65.6 (t, J=29.1 Hz).

Typical procedure using 1-decyne (11) with fluorine-containing carboxylic acid esters 2.

1-Decyne (11) (0.146 g, 1 mmol) was dissolved in dry THF (5 ml) and cooled to 0 °C under an argon
atmosphere. An Et,0O solution of CpMgBr (1.3 ml, 2.5 mmol, 2.0 M) was added to the mixture and
stirred at 20 °C for 30 min and then at 0 °C for 5 min. Methyl trifluoroacetate (2b) (0.157 g, 1.2 mmol)
was then added, and the solution was stirred at 40 °C overnight. The resulting mixture was quenched
with a saturated aqueous NH4Cl solution (20 ml), extracted with dichloromethane (30 mlx3) dried over
Na,SO4, and concentrated under vacuum to obtain the residue. After the yields were measured by '°F
NMR with benzotrifluoride as the standard, the residue was purified by chromatography

(hexane/dichloromethane=2/1) to give 1,1,1-trifluorododec-3-yn-2-ol (41) (0.18 g, 78%).

1-Chloro-1,1-difluorododec-3-yn-2-ol (111).

Yield 74%; R;0.19 (hexane/dichloromethane=2/1); IR (KBr) 3576 (OH), 2245 (C= C) cm'; HRMS
(ESI) found: m/z 275.1008. Calcd for C12H19OF2NaCl: [M+Na]*, 275.0990; '"H NMR (CDCl3) § 4.69—
4.65 (m, 1H, CH), 2.88 (br s, 1H, OH), 2.23 (td, 2H, J=7.10 Hz, 1.83 Hz, C=CCH,CH,), 1.53 (quin,
2H, J=7.10 Hz, C=CCH,CH>), 1.41-1.34 (m, 2H, CHy), 1.31-1.25 (m, 8H, CH,), 0.87 (t, 3H, J=6.87
Hz, CHs); '°F NMR (CDCl3) 6 —65.2 (dd, 1F, J=161.3 Hz, 5.7 Hz), —65.3 (dd, 1F, J=161.3 Hz, 5.7
Hz); 3C NMR (CDCls) § 127.7 (t, J=296.2 Hz), 89.9, 73.0, 67.5 (t, J=31.6 Hz), 31.9,29.3, 29.1, 28.8,

28.2,22.8,18.7, 14.2.
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2,2-Difluorotridec-4-yn-3-ol (131).

Yield 87%; Rr0.14 (hexane/dichloromethane=2/1); IR (KBr) 3414 (OH), 2237 (C= C) cm !; HRMS
(ESI) found: m/z 233.1695. Calcd for C13H230F,: [M+H]", 233.1717; '"H NMR (CDCls) § 4.48-4.42
(m, 1H, CH), 2.52 (br s, 1H, OH), 2.23 (td, 2H, J=7.18 Hz, 2.24 Hz, C=CCH:CH>), 1.69 (t, 3H, J=18.3
Hz, CF2CH3), 1.51 (quin, 2H, J=7.18 Hz, C=CCH.CHz), 1.39-1.33 (m, 2H, CH2), 1.31-1.22 (m, 8H,
CHx4), 0.87 (t, 3H, J=7.18 Hz, CH3); '’F NMR (CDCls) 6 —102.3 (dqd, 1F, J=243.4 Hz, 18.3 Hz, 8.1
Hz), —103.0 (dqd, 1F, J=243.4 Hz, 18.3 Hz, 8.1 Hz); >*C NMR (CDCls) & 122.1 (t, /=244.2 Hz), 88.4,

75.0, 65.6 (t, J/=32.9 Hz), 31.9, 29.3, 29.1, 28.9, 28.4, 22.7, 19.0 (t, J/=26.3 Hz), 18.7, 14.2.

1,1,1,2,2-Pentafluorotridec-4-yn-3-ol (151).

Yield 75%; Rr0.30 (hexane/dichloromethane=2/1); IR (KBr) 3395 (OH), 2245 (C= C) cm !; HRMS
(ESI) found: m/z 287.1457. Calcd for C13H200OFs: [M+H]*, 287.1434; '"H NMR (CDCl;3) & 4.79-4.74
(m, 1H, CH), 2.75 (br s, 1H, OH), 2.24 (td, 2H, J=7.10 Hz, 2.29 Hz, C=CCH:CH>»), 1.52 (quin,
2H, J=7.10 Hz, C=CCH:CH), 1.40-1.33 (m, 2H, CH>), 1.32-1.24 (m, 8H, CH>), 0.88 (t, 3H, J=6.87
Hz, CHs); ”F NMR (CDCls5) § -81.2 (s, 3F), —123.8 (dd, IF,J=270.2, 10.9 Hz), —127.8 (dd,
1F, J=270.2 Hz, 10.9 Hz); *C NMR (CDCls) & 118.9 (qt, J=273.4 Hz, 35.2 Hz), 110.7 (tq, J=273.4

Hz, 35.2 Hz), 90.8, 71.7, 62.0 (t, J=27.3 Hz), 32.0, 29.3, 29.2, 28.9, 28.2, 22.8, 18.7, 14.1.

The procedure using the trifluoroethyl hemiacetal of CF3CHO 8 with alkynyl Grignard reagent
Ethynylbenzene (1 a) (0.520 g, 5 mmol) was dissolved in dehydrated toluene (5 ml) and cooled to
—20 °C under an argon atmosphere. A THF solution of CpMgBr (5.0 ml, 5 mmol, 1.0 M) was added
to the mixture and stirred at —20 °C for 30 min. Trifluoroacetaldehyde 2,2,2-trifluoroethyl hemiacetal
(8) (0.3252 g, 1 mmol, 61 wt %) was then added, and the solution was stirred overnight. The resulting
mixture was quenched with a saturated aqueous NH4Cl solution (20 ml), extracted with
dichloromethane (30 mlx3) dried over Na;SOs, and concentrated under vacuum to obtain the residue.

After the yield was measured by "F NMR with benzotrifluoride as the standard, the residue was
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purified by chromatography (hexane/dichloromethane=1/1) to give 1,1,1-trifluoro-4-phenylbut-3-yn-

2-0l (4a) (0.174 g, 87%).

Typical procedure using propargyl alcohols 4 with phenylhydrazine

1,1,1-Trifluoro-4-phenylbut-3-yn-2-ol (4a) (0.050 g, 0.25 mmol) was dissolved in dehydrated toluene
(0.5 ml) under an argon atmosphere. After phenylhydrazine (0.033 g, 0.3 mmol) and DBU (0.038 g,
0.25 mmol) were added to the mixture at room temperature, it was stirred at 120 °C for more than 1 d
until the reaction was complete. The resulting mixture was quenched with a saturated aqueous NaCl
solution (20 ml), extracted with dichloromethane (30 mIx3) dried over Na>SOs, concentrated under
vacuum, and purified by chromatography (hexane/dichloromethane=4/1) to give 1,5-diphenyl-3-

(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17 a) (0.065 g, 90%).

1,5-Diphenyl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17a). ®

Yield 90%; Ry 0.44 (hexane/dichloromethane=4/1); m.p.=90.0 °C; IR (KBr) 1597 (N=C) cm™'; HRMS
(ESI) found: m/z 291.1089. Calcd for C16H1sNoF3: [M+H]", 291.1109 ; 'TH NMR (CDCls) § 7.41-7.28
(m, 5H, aryl H), 7.23-7.19 (m, 2H, aryl H), 7.04 (d, 2H, J=8.08 Hz, aryl H), 6.90 (t, 1H, J=7.63 Hz,
aryl H), 5.38 (dd, 1H, J=13.01 Hz, 8.08 Hz, CH), 3.72-3.63 (m, 1H, CHaH3), 3.00 (ddq, 1H, J=17.95
Hz, 8.08 Hz, 1.80 Hz, CH,Hg); '°F NMR (CDCl3) —65.9 (s, 3F); *C NMR (CDCls) § 143.4, 141.0,

136.3 (q, J/=38.3 Hz), 129.5, 129.1, 128.3, 125.9, 121.1 (q, J/=269.3 Hz), 121.1, 114.2, 65.6, 41.2.

1,5-Diphenyl-3-(trifluoromethyl)-1H-pyrazole (18a). ¢’

Yield 10%; R;0.21 (hexane/dichloromethane=4/1); m.p.=90.9 °C; IR (KBr) 1597 (N=C) cm!; 'H
NMR (CDCl5) § 7.37-7.30 (m, 8H, aryl H), 7.24-7.21 (m, 2H, aryl H), 6.76 (s, 1H, aryl H); '°F NMR
(CDCl3) § —62.1 (s, 3F); 1*C NMR (CDCl5) & 144.8, 143.3 (q, J=38.5 Hz), 139.4, 129.34, 129.25,

129.1, 128.9, 128.8, 128.6, 125.6, 121.4 (q, J/=268.7 Hz), 105.7.
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5-(4-Ethoxyphenyl)-1-phenyl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17b).

Yield 72%; Ry 0.32 (hexane/dichloromethane=4/1); m.p.=82.1 °C; IR (KBr) 1597 (N=C) cm™'; HRMS
(ESI) found: m/z 335.1356. Calcd for Ci1sHisNOFs: [M+H]", 335.1371 ; '"H NMR (CDCl3) § 7.21—
7.17 (m, 4H, aryl H), 7.03 (d, 2H, J=7.63 Hz, aryl H), 6.89—6.86 (m, 3H, aryl H), 5.32 (dd, 1H, J=12.79
Hz, 7.86 Hz, CH), 4.02 (d, 3H, J=6.96 Hz, CH>CH3), 3.63 (ddq, 1H, J=17.95 Hz, 12.79 Hz, 1.80 Hz,
CHaHs),2.96 (ddq, 1H, J=17.95 Hz, 7.86 Hz, 1.80 Hz, CHHsg), 1.42 (t, 3H, J=6.96 Hz, CH.CH5); '°F
NMR (CDCl3) § —65.9 (s, 3F); *C NMR (CDCls) & 158.9, 143.5, 136.2 (q, J/=38.5 Hz), 132.9, 129.1,

127.1,121.1 (q, J=268.7 Hz), 121.0, 115.3, 114.3, 65.2, 63.6, 41.3, 14.9.

1-Phenyl-5-(p-tolyl)-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17d).

Yield 82%; R;0.40 (hexane/dichloromethane=4/1); m.p.=86.7°C; IR (KBr): 1597 (N=C)cm';
HRMS (ESI) found: m/z 305.1276. Caled for C17H16N2F3: [M+H]", 305.1266 ; '"H NMR (CDCls) §
7.22-7.16 (m, 6H, aryl H), 7.06—7.03 (m, 2H, aryl H), 6.89 (td, 1H, J=7.63 Hz, 0.9 Hz, aryl H), 5.35
(dd, 1H, J=13.01 Hz, 7.86 Hz, CH), 3.65 (ddq, 1H, J=17.95 Hz, 13.01 Hz, 1.80 Hz, CHaH3), 2.98
(ddq, 1H, J=17.95 Hz, 7.86 Hz, 1.80 Hz, CH4Hg), 2.36 (s, 1H, CH3); '°F NMR (CDCl3) & —65.9 (s,
3F); *C NMR (CDCls) § 143.5, 138.0, 136.2 (q, J=38.5 Hz), 130.2, 129.1, 125.8, 121.1 (q, J=268.7

Hz), 121.0, 114.2, 65.4, 41.3, 21.2.

5-(4-Bromophenyl)-1-phenyl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17h).

Yield 92%; R;0.50 (hexane/dichloromethane=4/1); m.p.=75.1 °C; IR (KBr) 1597 (N=C) cm'; HRMS
(ESI) found: m/z 369.0207. Calcd for C16Hi3N2F3Br: [M+H]", 369.0214 ; 'TH NMR (CDCls) § 7.50 (d,
2H, J=8.53 Hz, aryl H), 7.24-7.18 (m, 2H, aryl H), 7.16 (d, 2H, J=8.53 Hz, aryl H), 7.00 (d,
2H, J=7.63 Hz, aryl H), 6.91 (t, 1H, J=7.18 Hz, aryl H), 5.34 (dd, 1H, J=12.57 Hz, 7.86 Hz, CH), 3.66
(ddq, 1H, J=17.95 Hz, 12.57 Hz, 1.80 Hz, CHaH3), 2.95 (ddq, 1H, J=17.95 Hz, 7.86 Hz, 1.80 Hz,
CH,Hg); F NMR (CDCls) § —65.9 (s, 3F); 3*C NMR (CDCls) § 143.1, 139.9, 136.3 (q, J/=38.5 Hz),

132.7,129.2,127.6, 122.2, 121.3, 120.9 (q, J/=268.7 Hz), 114.2, 64.9, 41.1.
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5-(3,5-Bis(trifluoromethyl)phenyl)-1-phenyl-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17i).
Yield 88%; R;0.45 (hexane/dichloromethane=4/1); m.p.=83.7 °C; IR (KBr) 1601 (N=C) cm™'; HRMS
(ESI) found: m/z 427.0843. Calcd for C1sHi2N2Fo: [M+H]", 427.0857; '"H NMR (CDCl;3) & 7.86 (s, 1H,
aryl H), 7.75 (s, 2H, aryl H), 7.25-7.21 (m, 2H, aryl H), 6.97-6.93 (m, 3H, aryl H), 5.49 (dd,
1H, J=13.01 Hz, 8.08 Hz, CH), 3.77 (ddq, 1H, J=17.95 Hz, 13.01 Hz, 1.80 Hz, CHaH3), 2.98 (ddq,
1H, J=17.95 Hz, 8.08 Hz, 1.80 Hz, CH,Hg); '°’F NMR (CDCl;) & —62.8 (s, 6F), —66.1 (s, 3F); 1*C
NMR (CDCls) 6 143.7, 143.0, 136.9 (q,J=38.5Hz), 133.1 (q,J=32.9 Hz), 129.5, 126.2, 123.1

(q, J=273.4 Hz), 122.6 (t, J=3.3 Hz), 122.5-122.8 (m), 120.7 (q, J=268.7 Hz), 114.3, 65.0, 41.2.

1-Phenyl-5-(thiophen-3-yl)-3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole (17Kk).

Yield 87%; R;0.33 (hexane/dichloromethane=4/1); m.p.=64.3 °C; IR (KBr) 1597 (N=C) cm™'; HRMS
(ESI) found: m/z 297.0683. Calcd for C14H12N2F3S: [M+H]*, 297.0673 ; 'H NMR (CDCl3) § 7.33 (dd,
1H, J=4.94 Hz, 3.14 Hz, aryl H), 7.22 (dd, 2H, J=8.53 Hz, 7.63 Hz, aryl H), 7.17-7.16 (m, 1H, aryl
H), 7.07 (dd, 2H, J=8.98 Hz, 0.90 Hz, aryl H), 6.99 (dd, 1H, J=4.94 Hz, 1.35 Hz, aryl H), 6.93-6.89
(m, 1H, aryl H), 5.49 (dd, 1H, J=12.79 Hz, 7.63 Hz, CH), 3.60 (ddq, 1H, J=17.50 Hz, 12.79 Hz, 1.80
Hz, CHaHp), 3.02 (ddq, 1H, J=17.50 Hz, 7.63 Hz, 1.80 Hz, CHHg); '’F NMR (CDCls) & —65.9 (s,
3F); *C NMR (CDCl3)  143.5, 141.7, 136.6 (q, J=37.6 Hz), 129.1, 127.8, 125.2, 121.8, 121.2, 121.0

(q, J=269.7 Hz), 114.3, 61.5, 40.3.
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Supporting Figures and tables

Crude F NMR, '"H NMR, and HRMS (ESI) results for Table 2, entry 4.
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Found 2,2,2-trifluoro-1-(2,2,2-trifluoroethoxy)ethan-1-ol (8): m/z 199.0170.

[M+H]", 199.0194.

Calcd for C4Hs50:F:

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 mDa / DBE: min = -1.5, max = 50.0
Element prediction: Off
Number of isotope peaks used for i-FIT =3
Monoisotopic Mass, Even Electron lons
15 formula(e) evaluated with 1 results within limits (up to 5 best isotopic matches for each mass)
Elements Used:
C:4-4 H:0-5 0:1-2 F:3-6 Na:0-1
20210126_1 2 (0.079) Cm (2)
1. TOF MS ES+
5.84e+000
100 199.0170
|
%
0-1— e T ' - miz
198.850 198.900 198.950 199.000 199.050 199.100 199.150 199.200
Minimum: -1.5
Maximum: 5.0 3.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
199.0170  199.0194 -2.4 -12.1 -0.5 11.5 0.0 C4 H5 0Z F6
19
Crude F NMR and HRMS (ESI) results for Table 3, entry 1.
Crude F NMR
OH
F3CJ\O OH
10 4 CF;3
8
&
(0] 4a
F3C)KQ o HO OMe
9 & QC%
HO CFg
HO
= CFs Z 3 i HO OH
g O O FacKQ
5a 7,
— ] —
- n
¥ <
4 J 4
_ 4l 1 i
AR R AR R AR R R R R R R R R R R R R
7.0 -78.0 -79.0 -80.0 -81.0 -82.0 -83.0 -84.0 -85.0 -8
A | | A | I I
g8 8 g &M & il 3
RE R R R 3 3 8

79



Found 1-cyclopentyl-2,2,2-trifluoroethan-1-one (9): m/z 189.0516. Calcd for C;H9OF3Na: [M+Na]",

189.0503.

Elemental Composition Report Page 1
Single Mass Analysis a
Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0
Element prediction: Off FsC
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons 9
2 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used: !
C:7-8 H:9-14 0:1-2 F:3-3 Na:0-1
20210909_2 16 (0.569)
1: TOF MS ES+
2.65e+002
100 188.9667
189.0117
189.1013
%
189.0516
T . miz
188.800 188.900 189.000 189.100 189.200

Minimum: -1.5
Maximum: 50.0 5.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
189.0516  189.0503 1.3 6.9 1.5 19.9 0.0 C7T H9 O F3 Na

Found 1-cyclopentyl-2,2,2-trifluoro-1-methoxyethan-1-ol: m/z 199.0948. Calcd for CgHi4O:F3:

[M+H]", 199.0946.

Elemental Composition Report

Single Mass Analysis

Tolerance = 50.0 mDa / DBE: min = -1.5, max = 50.0
Element prediction: Off

Number of isotope peaks used fori-FIT =5

Monoisotopic Mass, Even Electron lons

2 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:88 H:14-14 0:2-2 F:3-3 P:041

20210909_7 27 (0.945) Cm (27:28)

1: TOF MS ES+

100 199.0948

HO OMe  Faeel

FiC

Me hemiacetal of 9

4.49e+003

199.6282

198.900 199.400

199.100 199.200 199.300 199.500

Minimum:

Maximum: 50.

Mass Calc. Mass mDa i-F

199.0948 199.0946 0. 0.0

T miZ
199.600 199.700 199.800

IT (Norm) Formula

C8 H14 02 F3



Found 1-cyclopentyl-2,2,2-trifluoroethane-1,1-diol: m/z 185.0797. Calcd for C7H202F3: [M+H]",

185.0789.

Elemental Composition Report

Single Mass Analysis

Tolerance =50.0 mDa / DBE: min = -1.5, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT =5

Monoisotopic Mass, Even Electron lons
5 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:7-8 H:1014 0:1-2 F:3-3 Na0-1 P:0-1
20210909_2 19 (0.671) Cm (19:20)
1: TCF MS ES+
100 185.0797
|
\
%
i — — e —— . Sl ML E R N
184.900 184.950 185.000 185.050 185.100 185.150
Minimum: 15
Maximum: 50.0 5.0 0.0
Mass Calc. Mass mDa PPM DBE i-FIT F~TIT
185.0797 185.0789 0.8 [ 05 36.6 0.0

{(Norm)

Page 1
HO OH

FiC

hydrate of 9

2.23e+004

,,,,,, = = miz

185.20 185.250

Formula

C7 H12 02 F3

Found 1-cyclopentyl-2,2,2-trifluoroethan-1-ol (10): m/z 167.0668. Calcd for C;H10OF3: [M-HJ,

167.0684.

Elemental Composition Report Page 1
OH
Single Mass Analysis
Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0 Fs;C
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons 10
3 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used: .
C.7-7 H:811 0:1-2 F:3-3 Na:0-1
20210909_12 11 (0.387)
1; TOF MS ES-
3.14e+001
100- 167.0255
167.0668
%
.G — T —r T miz
166.900 166.950 167.000 167.050 167.100 167.150 167.200

Minimum: =1.5 ‘
Maximum: 50.0 5.0 100.0
Mass Calc. Mass mDa PEM DBE i=FIT i=FIT (Norm) Formula
167.0668  167.0684 -1.6 -9.6 1.5 9.8 0.0 c7
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Crude ’F NMR and HRMS (ESI) result for Table 5.

Table 5, entry 1

Crude "F NMR
F3CXOH
g

8.8

. HO H
F CF
€ : cFs Fi€” 07 CF; MO H
o OH 8 FscXOH
3 F3CJ\O
R 3CkOH o B
R 10 -
& 2 g
. M
R
4.0 -75.0 -76.0 -77.0 -78.0 -79.0 -80.0 -81.0 -82.0 -83.0 -84.0 -85.0 -86
AN | AN N A A
758 g #=BLs A588 g3
R ERRRR HEE8 gy

.....

Found 2,2,2-trifluoro-1-(2,2,2-trifluoroethoxy)ethan-1-ol (8): m/z 199.0192. Calcd for C4HsO:Fs:

[M+H]", 199.0194.

Elemental Composition Report

Single Mass Analysis

Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Page 1

HO H
F4C

Mo

CF3

Monoisotopic Mass, Even Electron lons 8
12 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:4-4 H: 514 0:1-2 F:36 Na:0-1
20210809_5 11 (0.387)
1: TOF MS ES+
1.52e+003
100 1421338 199.3880
%
1989372  199.0192 199.0591 199.2458 199.3134
A miz
198.800 198.900 199.000 199.100 199.200 199.300 199.400 199.500

Minimum: =135
Maximum: 50.0 5.0 100.0
Mass . Calc. Mass mDa PEM DBE i-FIT i-FIT (Norm) Formula
199.0192  199.0194 -0:2 -1.0 -0.5 64.4 0.0 H5 02 F6
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Found 2,2,2-trifluoroethane-1,1-diol: m/z 115.0009. Calcd for C,H>O,F3: [M-H], 115.0007.

Elemental Composition Report - Page 1
Single Mass Analysis HO H
Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0 X
Element prediction: Off FSC OH
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
6 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:22 H214 0:1-2 F.3-6 Na:0-1
20210909_15 19 (0.672)
1: TOF MS ES-
i 5.51e+001
100 116.0009
i
. |
% \ 115.0374
|
i 115.0837 1151278
| | | |
Tl — T ] L " AN O s —— mfz’
114.900 114.950 115.000 115.050 115.100 116.150 115.200
Minimum: -1.5
Maximum: 50.0 '+ 5.0 100.0
Mass Calc. Mass mDa PPM DBE i—FIT i-FIT (Norm) Formula
115.0009  115,0007 0.2 1.7 0.5 24.8 0.0 c2 H2 02 F3
Table 5, entry 2
Crude '°F NMR
OH
Fs;C
10
#
A
(0]
Fs;C
(0]
FngOMe 9 HO H
2 X
g F,C” “OMe
o]
o
8
A Ji=4
\ L )
T T T T T T T T T T T T T T e T T e e T T e T
74.0 -75.0 -76.0 -77.0 -78.0 -79.0 -80.0 -81.0 -82.0 -83.0 -84.0 -85.0 -8
I Al |
g ge B &
3 RE R g
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Found 1-cyclopentyl-2,2,2-trifluoroethan-1-one (9): m/z 189.0508. Calcd for C;HyOF3Na: [M+Na]",

189.0503.

Elemental Composition Report Page 1
Single Mass Analysis (@)
Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0
Element prediction; Off
Number of isotope peaks used for i-FIT = 3 F3C
Monoisotopic Mass, Even Electron lons
2 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used: 9
C:2-7 H:811 0:1-2 F:3-3 Na: 0-1
20210909_4 7 (0.250)
1: TOF MS ES+
3.95e+002

100 189.0508

%_

189.0997
i
0 T T R LR T T T T T T m/z
188.900 188.950 189.000 189.050 189.100 189.150 189.200 189.250

Minimum: . -1.5
Maximum: 50.0 5.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
189.0508  189.0503 0.5 2.6 15 28.9 0.0 C7, H3 O F3 ' Na

Found 1-cyclopentyl-2,2,2-trifluoroethan-1-ol (10): m/z 167.0668. Calcd for C7H0OF3: [M+Na]",

167.0684.
Elemental Composition Report Page 1
OH
Single Mass Analysis
Tolerance = 50.0 mDa / DBE: min =-1.5, max = 100.0 F.C
Element prediction: Off 3
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons 10
2 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:7-7 H:812 0:1-2 F:3-3 Na:0-1
20210909_9 12 (0.421)
1: TOF MS ES+
1.34e+003
100 191.‘0636
|
|
L% |
191.1181
| 191.1822
0] EidGig ‘ 191.2870 o4 3357 191.3782 ™
180.900 191.000 191.100 191.200 191.300 191.400 191.500
Minimum: -1.5
Maximum: 50.0 5.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
191.0636 191.0660 -2.4 -12.6 0.5 63.8 0. C7 H11 O F3 Na
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Computational Details.

All calculations were performed using the computational chemistry software package Gaussian 16 ver.
C.01 %. Computational resources in the form of super computers were provided by Research Center
for Computational Science, Okazaki, Japan.

Ground state geometries of compound 2a, 2b were calculated by DFT at the RB3LYP/6-31G(d,p) level

for HOMO and LUMO level.
-0.50
-0.84 m—
2 -1.00 4 &
. L L
ower
F.C OM
-1.21 m— LUMO level ' ° s
2b
(o)
450 L gl

Fig. S1. Computed LUMO level of compound 2a and 2b.

At the optimized structures, no imaginary frequency was found through the frequency analysis. All
coordinates are reported as XYZ Cartesian coordinates. And computed E (RB3LYP), HOMO, and

LUMO level of optimized structures are shown.

2
za_ )J\/\

E (RB3LYP) =-903.127516 a.u.
Imaginary Frequency = 0

LUMO -0.04450 a.u. =-1.21 eV
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HOMO -0.31974 a.u. =-8.70 eV

Table S2. Cartesian coordinates of the optimized 2a.

Coordinates (Angstroms)

Atom X Y Z

C -1.302587 0.296696 -0.178903
C -1.135813 1.262569 -0.641161
O -0.310731 -0.534105 0.184597
O -0.611245 -1.509123 0.563213
C -2.741576 -0.074322 -0.051169
H -3.409253 0.81211 0.731417
H -3.363575 -0.06148 -1.255068
F -2.931427 -1.299724 0.485802
F 1.138025 -0.343567 0.097905
F 1.78638 0.920585 0.0353

C 1.938209 -1.50268 0.082948
F 3.185277 0.961545 -0.096029
F 3.319188 -1.451404 -0.049823
F 1.441513 -2.466475 0.159551
2b

E (RB3LYP) = -566.097428 a.u.

Imaginary Frequency = 0

LUMO -0.03097 a.u. =-0.84 eV
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HOMO -0.30572 a.u. =-8.32 eV

Table S3. Cartesian coordinates of the optimized 2b.

Coordinates (Angstroms)

Atom X Y V4

C 1.634034 1.331993 0.003333
C 3.013006 1.173791 0.003847
O 3.581625 -0.112016 0.005282
O 2.71563 -1.224291 0.006147
C 1.341029 -1.05231 0.005088
H 0.759567 0.230452 0.003425
H 1.218112 2.336325 0.000208
H 3.660371 2.04686 0.006834
F 3.13551 -2.226959 0.011321
F 0.707424 -1.934054 0.002741
F 4.95713 -0.285437 0.059699
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Chapter 3.

Aromatic fluorine atom-induced highly amine-sensitive trimethine cyanine dye

showing colorimetric and ratiometric fluorescence change

Abstract

Herein, introducing multiple fluorine atoms into aromatic rings of trimethine cyanine dye is
proposed as a powerful method for dramatically increasing sensitivity to amines. The highly
sensitive ratiometric fluorescence properties previously available only by intramolecular addition
can be exploited in reactions with intermolecular amines or other nucleophiles. In addition, the

amine adduct of fluorinated cyanine dye responded to CO; and restored the original optical

properties.
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Introduction

Ratiometric fluorescence, a method wherein the ratio of fluorescence intensities at two or more
wavelengths are used, has attracted much attention in analytical sensing and optical imaging
because it can reduce the effects of many factors such as dye concentration, surrounding pH,
polarity, and changes in environmental temperature compared to when single fluorescence
intensity is measured.'**

Amines could cause serious damage in public health and the environment owing to their toxic
nature, so, simple, fast, low-cost, and accurate amine monitoring systems are becoming highly
urgent.’ The detection of amines using ratiometric fluorescence through utilized intramolecular

19-23 and excited state

charge transfer (ICT),%!” twisted ICT,'® aggregation-induced emission,
intramolecular proton transfer’* has been reported.

Polymethine cyanine dyes have several features such as good fluorescence quantum yield and
the ability to easily prepare the fluorescence wavelength by changing the methine chain length. %
27 However, they lack reactivity with amines, and the reported examples are limited to reactions
with intramolecular amines.?%3*

Herein, we report that the prepared ring-perfluorinated trimethine cyanine dye 2a (Fig. 1) has
a significantly higher response to n-hexylamine than the non-fluorinated dye 2b. The dye 2a
exhibited a dual change in the solution and fluorescence color at widely shifted wavelengths,
visible to the naked eye. Moreover, in order to explore further possibilities for the high amine
responsiveness of dye 2a, the CO; responsiveness of the amine adduct of dye 2a was evaluated,
inspired by reported cases in which the CO2 responsiveness of dyes were activated by injecting

base 35-39
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TfO~ TfO~
2a 2b

Fig. 1. Structure of trimethine cyanine dyes 2a and 2b.

Furthermore, dye 2a adsorbed on the filter paper could be repeatedly used because the orange
emission was instantly converted into blue by the amine vapor and returned to its original color
after drying rapidly in the air. These results are the first example of the highly sensitive ratiometric
fluorescence properties of polymethine cyanine dyes with intermolecular amines and advance the
development of rapid and reversible vapochromic response materials to amines with two changes

in papers and emission color.

Results and discussion

The responsivity of the ring-perfluorinated trimethine cyanine dyes 2a and 2b to n-hexylamine
in tetrahydrofuran (THF) stored overnight in the dark at 25 °C were investigated; the results are
summarized in Fig. 2 and Table 1. n-Hexylamine was used as a representative example of a primary
aliphatic amine because it is not easily volatilized. As the amount of n-hexylamine gradually
increased, the orange fluorescence at 596 nm from dye 2a decreased, and the blue emission at 404
nm increased at an excitation of 257 nm. This phenomenon led to the disappearance of the solution
color and a shift in the fluorescence color from orange through pink to blue, according to the CIE
color system. Thus, dye 2a was highly sensitive, completing the reaction with only 2 equiv. of the
amine. For dye 2b, the red fluorescence at 612 nm diminished, and the blue fluorescence at 380

nm increased significantly at an excitation of 250 nm, although 6400 equiv. of the amine was

94



required to complete the reaction with the non-fluorinated dye 2b. These results suggest that
replacing all the hydrogen atoms with fluorine on the aromatic rings dramatically improved the

sensitivity of trimethine cyanine dye to the amine.
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Fig. 2. (a) Ultraviolet-visible (UV-vis), (b) fluorescence spectra, and (c) CIE color systems of dye
2a (5 x 107 M) in THF stored overnight in the dark at 25 °C after adding n-hexylamine. (d) UV-
vis, (e) fluorescence spectra, and (f) CIE color systems of dye 2b under similar conditions. The
excitation wavelengths were determined by the excitation spectra (Fig. S1) and were as follows:
257 nm (dye 2a), 250 nm (dye 2b), and 365 nm (CIE color systems). Inset photos were obtained
under white LED light and UV light (A = 365 nm), and the order of amine concentration is left to
right.
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Table 1. Optical properties of dyes 2a and 2b in THF with n-hexylamine

Dye n-hexylamine A, (nm) Aex  Fmax OF 16
(equiv.) (e M'em™)) (nhm) (nm)° (ns)®
2a O 579 (120000) 580 596 0.14 0.7
0.5 579 (91000) - - - -
1 579 (30000) - - - -
2 579 (200) 257 404 0.04% 6.1
2b O 591 (110000) 591 612 0.10 0.5
6400 254 250 380 0249 125

@ Measured dye 2 (5 x 10 M) in THF stored overnight in the dark at 25 °C after the addition
of n-hexylamine.

® Measured by using excitation wavelengh (1,) at low sensitivity.

©Measured using an integrating sphere method excited at A,.

d Measured by excitation at 290 nm. © Measured using a single-photon-counting method.

The fluorescence quantum yields for dyes 2a and 2b were 14 and 10%, respectively. When the
dyes reacted with the amine, the maximum excitation wavelength overlapped with the absorption
band of THF; therefore, excluding this band, the dyes were excited at 290 nm, with fluorescence
quantum yields of 4 and 24%, respectively. Furthermore, a calibration curve for the fluorescence
intensity ratio of dye 2a (/104 nm//596 nm) versus the concentration of n-hexylamine demonstrated
good linearity (R* = 0.988), while the estimated detection limit (3c/slope) was 17 nM, as shown in
Fig. 3. The obtained value shows sensitivity as high as that of an activated ester and

aldehydes.5!1%-!!
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Fig. 3. Calibration curve for the fluorescence intensity ratio (/404 nm//596 nm) of dye 2a vs. the

concentration of n-hexylamine (0—-4x107° M).

Next, absorbance changes in various solvents were followed to examine the sensitivity of dye
2a to n-hexylamine (Fig. 4). The results revealed that this reaction was primarily promoted by
THF, followed by other solvents in the order dimethyl sulfoxide (DMSO), methyl alcohol (MeOH),
acetone, chloroform, and dichloromethane (DCM). The large difference in the reactivity was
related to the Gutmann donor number (DN) and acceptor number (AN) of solvent molecules, which

are the empirical measures of the nucleophilic and electrophilic properties of the solvents. 44!
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Fig. 4. Dye residual ratio calculated from molar absorption coefficient (¢) at 579 nm of dye 2a solusion

(5 x 10°° M) in adding n-hexylamine.

Solvents with high DN can stabilize cations,*” while an opposite phenomenon is observed for
AN. Therefore, the reaction of the dye with the amine is more likely to proceed in THF and DMSO,
which have larger DN and/or smaller AN than acetone, MeOH, chloroform, and DCM, because
the cationic dye is most involved in this system. The DN and AN of these solvents are listed in
Table S1.

Other analytes, such as not only other amines (aniline, triethylamine, and diethylamine) but
also anions (perchlorate, acetate, bromide, chloride, and fluoride) in THF were also examined. The
results are summarized in Fig. 5. The reactions of dye 2a with 2 equiv. of amines such as
triethylamine and diethylamine occurred smoothly, and the color of the fluorescent changed from
orange to blue, as in the case of n-hexylamine, as illustrated in Fig. 5c. Although, accurate
measurement for aniline was not possible due to its fluorescence, the dye-derived maximum

absorption was slightly reduced.
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Fig. 5. (a) UV-vis, (b) fluorescence spectra, and (c) the photos of dye 2a (5x10°® M) in THF stored
overnight in the dark at 25 °C after adding various analytes (2 equiv.). The excitation wavelength
was 257 nm. (d) Absorbance at 579 nm and (e) fluorescence intensity ratio (/404 nm//596 nm) Were
calculated from the UV-vis and fluorescence spectra, respectively. Analytes are as follows: (1) 2a
only, (2) ClO4, (3) AcO™, (4) Br, (5) CI', (6) F~, (7) PhNH>, (8) NEts, (9) NHEt>, and (10) n-
hexylamine. Photos were captured under white LED light and UV light (A = 365 nm) with various

analytes. The counter cations of these anionic species are all BusN",

Using 2 equiv. of a couple of anions, such as acetate and fluoride,* also resulted in observation
to change the fluorescent color from orange to blue, as in the case of n-hexylamine, as illustrated
in Fig. 5c. The detection of other anionic species, such as bromide and chloride, demonstrated only
moderate changes in the fluorescent color and reacted slightly with perchlorate.

To observe the difference in the detection of these neutral and anionic nucleophiles, UV -vis
and fluorescence spectra of dye 2a were measured in detail in THF with different equiv. of not
only diethylamine and triethylamine but also acetate and fluoride anions, were carried out. The
results are summarized in Fig. 6. It was found that the highly nucleophilic anion, such as acetate

and fluoride are more reactive than n-hexylamine. Detection of diethylamine appears to be similar
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to that of n-hexylamine, but somewhat lower for the tertiary triethylamine.
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Fig. 6. UV-vis and fluorescence spectra of dye 2a (5x10°® M) in THF stored overnight in the dark
at 25 °C after adding analytes which are as follows: (a) AcO~, (b) F, (c) NEt3, and (d) NHEt,. The

counter cations of these anionic species are all BusN™.

Importantly, the ring-perfluorinated trimethine cyanine dye 2a has a significantly higher
response to very small amounts of neutral amines than the non-fluorinated dye 2b and underwent

a dual change in the solution and fluorescent. The reason can seem to be that the introduction of
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fluorine atoms into the aromatic rings significantly lowers the LUMO of trimethine cyanine dye

2a and promotes the addition reaction of even neutral amines, as shown in Fig. 7.*

%a. . ‘.J.;
J +9 H &> e’
2.00 4?:;34 ) -'.:- ‘r:. ’ b.".,‘
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Fig. 7. Energy diagrams and molecular orbitals of the cationic parts of dyes obtained using DFT
calculations at the B3LYP/6-31+G(d,p) level.

In order to investigate the reaction product, the results of nuclear magnetic resonance (NMR)
and high-resolution mass spectrometry illustrated in Fig. 8 and S2 suggest the 1,2-addition of n-
hexylamine to the iminium carbon of dye 2a. In particular, 'H NMR confirmed that the doublet
signal split in two and the triplet signal changed to a double doublet, along with an up-field shift
in all signals regarding the methine chain protons. Furthermore, the amine-added dyes 2a and 2b
were characterized by MS analysis (Fig. S2), where peaks at m/z 774.2719 (calculated = 774.2718,
[C39H36F12N3]") and m/z 558.3849 (calculated = 558.3848, [C39HasN3]") were detected,
respectively. Although it was difficult to measure the non-fluorinated dye 2b by NMR owing to
its poor reactivity with amines, it is expected to react with amines in the manner similar to that as

the fluorinated dye 2a because of its very similar structure and the MS result.
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Fig. 8. a) 'H, b) 1°C, and ¢) '°F NMR analysis for the reaction of dye 2a (1x107> mol) with n-

hexylamine (20 equiv.) in DMSO-ds.
To assess the versatility of application, the repeatability of dye 2a was investigated using filter

paper, as shown in Fig. 9.
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= n-Hexylamine vapor 5 s in the air

Exposure number

Fig. 9. Repeatability of fluorescence using filter paper adsorbed with dye 2a upon alternative
exposure to n-hexylamine vapor and drying in the air. The inset photos were captured under UV
light (A = 365 nm).

The filter paper for dye adsorption was fabricated by soaking a white filter paper overnight in
the DCM solution of dye 2a (5x10™* M) and then drying in the dark for 1 h at 25 °C. Exposure to
n-hexylamine vapor resulted in rapid disappearance of the pink of the filter paper and change in
the fluorescence from orange to blue. Subsequently, drying in the air caused the pink of the filter
paper to return to pink and emit orange fluorescence. This reversible change in fluorescent color
was particularly pronounced, with the blue fluorescence reverting to orange in only 5 s when kept
in the air after exposure to the amine.

Finally, we evaluated the CO> responsiveness of the reaction mixture of the dye with
hexylamine. Unfortunately, a THF solution previously prepared from dye 2a with 2 equiv. of
hexylamine did not react with CO;. Therefore, it did not affect the absorption and fluorescence
spectra (Figures 10a and 10b). In contrast, a DMSO solution of the dye with hexylamine recovered
60% of its fluorescence intensity after 20 mL of CO; bubbling, indicating moderate CO; reactivity

(Figures 10c and 10d).
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Fig. 10. a) UV-vis and b) fluorescence spectra of a solution (3.3 mL) prepared from fluorinated dye
2a (5 x 10° M) and 2 equiv. of n-hexylamine in THF obtained after a specific volume of CO; (0, 20
mL) was allowed to bubble through the solution. ¢) UV-vis and d) fluorescence spectra of a DMSO
solution obtained after a specific volume of CO; was allowed to bubble through the solution. Solutions
of fluorinated cyanine dye 2a (5 x 10°° M) were used for the spectra under amine-free conditions.
Insert photographs were obtained under white LED and UV light (A = 365 nm).

Similarly, bubbling 8 mL of CO2 into the dye with the amine in MeOH immediately changed
the color and recovered both absorbance and fluorescence intensity. They reached more than 91%
compared to the amine-free situation (Fig. 11) (Table 2) to exhibit high CO, responsiveness in

MeOH.
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Fig. 11. a) UV-vis and b) fluorescence spectra of a solution (3.3 mL) prepared from fluorinated dye
2a (5 x 107 M) and 5000 equiv. of n-hexylamine in methanol obtained after a specific volume of CO;
(0—8 mL) was allowed to bubble through the solution. A methanol solution of fluorinated dye 2a (5 x
10° M) was used for the spectra under amine-free conditions. ¢c) The photographs were obtained under
white LED and UV light (A = 365 nm).

Table 2. Optical properties of amine adduct responding to CO».

CO, (mL) Amax (NM) (e (MTem™)) Aex (NM) - Fray (nm)b OF 14 (ns)d
0 572 (4000) 571 587

0.5 571 (30000) 587

1 571 (48000) 589

2 571 (72000) 589

4 571 (97000) 590

8 571 (110000) 590

Amine-free 571 (130000) 590 0.07 0.38

@ Measured immediately after CO, was allowed to bubble through a solution comprising dye 2a
(5 x 107® M) in MeOH that had been stored for 1 h in the dark at 25 °C after adding n-
hexylamine (2.5 x 1072 M). ® The fluorescence spectrum was obtained by using excitation
wavelength (Ag,). © Measured using an integrating sphere method. 4 Measured using a single
photon-counting method.
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The above results suggested a reversible reaction mechanism: 1) dye 2a reacts with hexylamine
to form the amine adduct of the dye, and 2) CO; removes amines from the amine adduct, as

illustrated in Fig. 12.

Lone pair accepting
solvent

MeOH
Stabilization

Cationic intermediate Amine adduct

H,0

HCO4 H,CO, co,

Fig. 12. Estimated reversible reaction mechanism in which dye 2a reacts with amines and CO»

removes amines from the dye.

In amine responsiveness, hexylamine first performs a nucleophilic attack on the iminium
moiety of the dye, giving a cationic intermediate. Next, deprotonation proceeds to form the amine
adduct. In the reverse reaction, Carbonic acid protonates the amine adduct. '*C NMR confirmed
that carbonic acid is made from CO» with a small amount of water in MeOH (Fig. S3). Finally, the
elimination of amine from the amine adduct leads to the recovery of the dye skeleton. This reaction
proceeds reversibly. The main reason why CO» responsiveness was affected by solvent is the DN
and AN of the solvents listed in Table S1. In other words, we assumed that CO; responsiveness
was enhanced in solvents with large AN value, such as MeOH, because solvents with large AN
can stabilize the lone pair of the amine and favor acid-induced amine elimination, in contrast to

solvents with large DN, which promote the addition of amines to the dye.
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Conclusion

We reported that the ring-perfluorinated trimethine cyanine dye 2a was highly sensitive to n-
hexylamine and underwent a dual change in the solution and fluorescent color with a large shift.
The methodology of introducing many fluorine atoms proved valuable for efficiently enhancing
the sensitivity of the dye to amines. In addition, the fluorinated dye 2a adsorbed on the filter paper
exhibited reversible ratiometric fluorescence properties, such that the orange emission was
instantly changed to blue by the amine vapor and returned to its original color when dried in the
air for 5 seconds. Furthermore, the amine adduct of fluorinated cyanine dye responded to CO> and

recovered up to 90% of the original optical properties.
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Experimental Section

Materials. Acetone, methanol, and ethyl acetate were purchased from Kanto Chemical Industry Co.,
Inc. Tetrahydrofuran (THF; stabilizers not included), dimethyl sulfoxide, chloroform, triethylamine,
aniline, and tetrabutylammonium chloride were purchased from FUJIFILM Wako Pure Chemical Co.
n-Hexylamine, diethylamine, tetrabutylammonium fluoride, and tetrabutylammonium acetate were
purchased from TCI Co., Ltd. Tetrabutylammonium bromide was purchased from Sigma-Aldrich.
Tetrabutylammonium perchlorate and dichloromethane were purchased from Nacalai Tesque Inc.

Dyes 2a and 2b were synthesized by our method.*

Measurement. 'H nuclear magnetic resonance (NMR) spectra were measured at 392 or 400 MHz in
hexadeuterodimethyl sulfoxide ((CD3)>SO) solutions with residual solvents as internal standards using
a JEOL ECS-400 or ECX-400P FT-NMR spectrometer. '*C NMR spectra were obtained at 99 or 101
MHz in (CD3)2SO0 solution with residual solvents as internal standards using a JEOL ECS-400 or ECX-
400P FT-NMR spectrometer. '’F NMR spectra were recorded at 369 or 376 MHz in (CD3),SO
solutions using a JEOL ECS-400 or ECX-400P FT-NMR spectrometer. The data were reported as (s
= singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br s = broad singlet, coupling constant(s),
integration). Electrospray ionization mass spectroscopy (ESI-MS) analysis using MeOH was
performed with a JEOL JMS-T100LP (AccuTOF LC-plus). Ultraviolet-visible absorption spectra were
obtained using a Hitachi U-4100. The fluorescence spectra were acquired using a Jasco FP-8600
spectrofluorometer. The absolute fluorescence quantum yields were obtained on Hamamatsu
Quantaurus-QY C11347-01. The fluorescence lifetimes were measured using Hamamatsu Quantaurus-

Tau compact fluorescence lifetime spectrometer C11367-01.
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Determination of limit of detection (LOD)

The fluorescence intensity ratio at 404 nm and 596 nm of the ring-perfluorinated dye 2a in THF was
collected 10 times to obtain the background noise o. The fluorescence intensity ratios were measured
overnight after adding different concentrations of n-hexylamine. LOD (3c/slope) was calculated as
three times the background noise ¢ divided by the slope of the fluorescence intensity ratio fitted to a

calibration curve as a function of the amine concentration.
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Supporting Figures and Tables

Table S1. DN and AN value of solvents.

Solvent AN DN (kcal mol)
DCM 20 1

Chloroform 23 4

Acetone 13 17

MeOH 42 19

DMSO 19 30

THF 8 20

a8 Gutmann Acceptor number (AN) and Donor number (DN).

800
a) I —-—-Fluorescence spectra @ 257 nm b) 3000L ~ Fluorescence spectra @ 250 nm
600L -~~~ Excitation spectra @ 404 nm - - - Excitation spectra @ 380 nm
>
D . . 2 2000F e
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Fig. S1. a) Fluorescence and excitation spectra of dye 2a and b) 2b (5 x 10 M) in THF completely

reacted with n-hexylamine.

110



Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 50.0 mDa / DBE: min = -1.5, max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

N
!

Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used: F
C:33-39 H:21-36 N:2-3 F: 1112
20210716_2 18 (0.637)
1: TOF MS ES+
5.83e+001
100 | 774.2719
|
% |
e NS SR S — — - miz
77360 773.80 774.00 774.20 77440 774.60 774.80
Minimum: =1.5
Maximum: 50.0 5.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
774.2719 774.2718 0.1 0.1 17.5 G Bl 0.0 C3% H36 N3 Fl12

b)

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 mDa / DBE: min = -1.5, max = 50.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
Elements Used:

C:39-39 H:48-48 N:3-3 Na: 01

20220214_2 22 (0.774)

1: TOF MS ES+

5.89e+002
100 558.3849
%
|
0: . N —— — — e ————————p e g miz
558.00 558.20 558.40 558.60 558.80
Minimum: -1.5
Maximum: 5.0 10.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT i=-FIT (Norm) Formula
558.3849  558.3848 0.1 0.2 : Ly L 23,7 0.0 C39 H48 N3

Fig. S2. a) MS analysis for amine-added dyes 2a and b) 2b.

111



DR I

|
110 0 100 0 90.0 80.0

D.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0
I N |
g ZEERB B
= &M B A =
b)
o)
' L
/\/\/\ -
161.4 ppm NH; O "OH J \
| ) . J “
70.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 500 40.0 300 .0 10.0 0
| BRI
g & gBRn B
g ¢ HAERA =
c)
0
161.5 ppm o
NHs O~ “OH
WMMMMWMWMMWWhWMW bt DY
................................................................................. e
70.0 60.0 50.0 40.0 30.0 20.0 10.0 0

1600 1500 1400 1300 1200

1
'0.0
B
e
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Computational Details.

All calculations were performed using the computational chemistry software package Gaussian 16 ver.
C.01 %, Computational resources in the form of super computers were provided by Research Center

for Computational Science, Okazaki, Japan.

Ground state geometries of compound 2a, 2b were calculated by DFT at the RB3LYP/6-31+G(d,p)

scrf=(solvent=dichloromethane) level.

At the optimized structures, no imaginary frequency was found through the frequency analysis. All
coordinates are reported as XYZ Cartesian coordinates. And computed E (RB3LYP) and sum of

electronic and thermal Energies of optimized structures are shown.

2a_
E (RB3LYP) =-2577.625224 a.u.
Sum of electronic and thermal Energies= -2577.105643 a.u.

Imaginary Frequency = 0

Table S2. Cartesian coordinates of the optimized 2a.

Coordinates (Angstroms)

Atom X Y Z

C -4.774293 1.679121 0.113635
C -4.470385 0.326227 0.028708
C -7.129699 1.214178 0.096221
C -6.109535 2.128579 0.145227

113



Q o o o o O

Z

—

@)

QO O @D =D o Z&Zm O @m o Zm o= 0

T

-7.717549

-6.39228

-7.955656

-5.517185

-6.892559

-5.340403

-3.603706

-4.107832
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-8.72643

-9.23736

-8.385876

-6.43154

-2.940127

-2.449846

-2.818832

-1.35994

-2.799661

-2.407165

-2.739138

-2.765246

-1.316505

-2.503949

-1.220919

-1.156294

-2.467815

-2.934096

-1.119263

-0.64266

-0.180418

-2.052482

2.453804

-2.601618

-4.253266

-3.347827

-0.713067

1.691996

3.436279

0.194919

-0.41239

0.177788

-0.421335

-1.436685

-0.556135

-0.057855

-1.58366

-0.581564

1.663284

2.214996

3.297585
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-0.114018

-0.14786

-0.03362

-0.019877

0.015315

-0.102301

0.147685

-0.138989

-0.224546

-0.159563

-0.001876

0.124729

0.215262

-0.002834

-1.345305

-2.188852

-1.391677

-1.458139

1.248391

2.1634

1.263404

1.254173

0.069525

0.049669

0.070494
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6.169152
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8.385877

6.431541

2.94013

2.449864

2.818846

1.359958

3.917438

4.337972

4.319885

4.189931

1.679122

0.326228

1.214178

2.12858

-2.467817

-2.934095

-1.119265

-0.642658

-0.180418

-2.052479

2.453803

-2.601609

-4.253264

-3.34783

-0.713072

1.691996

3.436279

0.194917

-0.412407

0.17777

-0.421368

115

0.256423

-0.654453

0.394101

1.116578

-0.113637

-0.02871

-0.096234

-0.145234

0.114009

0.147862

0.033605

0.019873

-0.015327

0.102305

-0.147679

0.139009

0.224556

0.159551

0.001853

-0.124746

-0.215266

0.002839

1.345308

2.188858

1.391686



H 2.799693 -1.436699 1.458133
C 2.407165 -0.556131 -1.248388
H 2.739126 -0.057842 -2.163395
H 2.765255 -1.583654 -1.263411
H 1.316505 -0.58157 -1.254161
C 2.50395 1.663282 -0.069508
C 3.538672 3.917437 -0.256418
H 3.104717 4.337977 0.65448
H 4.534475 4.319881 -0.394155
H 2.923276 4.189928 -1.11654
C 0 1.533904 0.000011
H -0.000001 0.452585 0.000002
C 1.220919 2.214995 -0.049639
H 1.156296 3.297585 -0.07045

2b_

E (RB3LYP) =-1386.857547 a.u.

Sum of electronic and thermal Energies= -1386.250611 a.u.

Imaginary Frequency = 0

Table S3. Cartesian coordinates of the optimized 2b.

Coordinates (Angstroms)

Atom X Y V4
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Chapter 4.

Rapid and dual optical CO;-responsive polydimethylsiloxane elastomer with

fluorinated cyanine dye

Abstract

A polydimethylsiloxane elastomer doped with a fluorinated cyanine dye and containing excess
amines exhibits a rapid and pronounced optical response (within 1 min) comprising a visual color

change from colorless to pink and a fluorescent shift from blue to pink in a CO2 gas stream.

CO, (1 min)
O \\
Reversible *
N (3 min) Under white LED and UV light

Under white LED and UV light

v Rapid response v' Visual and fluorescent color changes
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Introduction

Carbon dioxide (CO>), which is a greenhouse gas, is the major cause of climate change and

related environmental problems. Therefore, technologies concerning CO», such as the

2 5 8

separation,? capture,®> utilization,*® and detection of CO» gas, are very important.
Consequently, CO»-responsive polymers that change their properties in the presence of CO»
gas are promising materials.®!' In particular, optically COx-responsive polymeric materials
that can detect, monitor, and quantify CO> gas via a visual color change make it possible to
sense CO, gas without any special equipment.!>!3

In such materials, CO»-responsive dyes are usually introduced to polymers via blending,'*!°

10.16 or encapsulation.!” Polydimethylsiloxane (PDMS) is frequently used as a polymer matrix

bonding,
because it is optically transparent in the wavelength range 240—1100 nm,'® and is highly permeable
with regard to gases.!”** For example, PDMS elastomer films have been doped with classical pH
indicators as CO»-responsive dyes.!”?!2* Such dyes change color or fluoresce in the presence of CO,
but their response basically requires water. Therefore, these optically COz-responsive PDMS films
cannot be used continuously in dry gaseous conditions. Polymer films that exhibit dual visual and
fluorescent responses to the presence of COz gas have been reported by Pfeifer et al.>> and Ali et al.?¢
These polymer films sensitively indicate the presence of CO> via fluorescent and visible color changes.

However, the optical responses of these materials take more than 10 min, and the materials also require

the presence of water for the color change.
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Fig. 1. Chemical structures of the carboxy PDMS and fluorinated cyanine dye 2a, and schematic
illustration of the optical change of the PDMS(2a) in the presence of CO». The photographs of
PDMS(2a) with and without CO> are shown under white LED and UV light (365 nm). (PDMS =
polydimethylsiloxane; LED = light-emitting diode).
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Herein, we report the first study of a COa-responsive PDMS elastomer that contains
fluorinated cyanine dye 2a. Both the visible and fluorescent colors of the dye rapidly (within 1
min) and obviously change when the elastomer comes into contact with CO> gas, even under
dry gaseous conditions (Fig. 1). Cyanine dyes have attracted considerable attention among
researchers owing to their advantageous optical properties, such as high absorption coefficients
and high fluorescence quantum yields. The absorption and emission spectra of these dyes can
be tuned via extension of the chromophore. For example, the insertion of a vinylene moiety
results in a red shift of approximately 100 nm.?” Recently, we reported that the visible and
fluorescent colors of a solution of cyanine dye 2a (Fig. 1), which contains fluorine atoms in its
aromatic rings, sensitively and reversibly responds to the presence of hexylamine in the
solution.?® In a previous study, we examined the amine detection ability of cyanine dye 2a.
More recently, we found that when COx is bubbled through a methanol solution of the quenched
amine adduct of fluorinated cyanine dye 2a, it recovers its visible and fluorescent colors (Fig.
S1 and Table S1). This demonstrated that a solution of the amine adduct of fluorinated cyanine
dye 2a is capable of CO2 detection. However, from the perspective of practical handling, dry,
solid, and moldable polymeric materials are more desirable for CO» detection. Therefore, in
the present study we developed an optically CO2-responsive PDMS elastomer that contains dye
2a. To impart CO; responsiveness, mechanical stability, and remoldability to the elastomer, we
ionically crosslinked a carboxy PDMS (PDMS-COOH, Fig. 1) with a tri-functional amine
(tris(2-aminoethyl)amine (TAEA), Fig. 1). The amine is neutralized by the carboxy groups and
enhances the mechanical strength of the elastomer via ionic crosslinking of the polymer

chains,?3°

while the free amine interacts with the dye. It is well known that non-covalent
crosslinking techniques impart certain advantages, such as remoldability, toughness, and self-

healing capability, to elastomers.?! Our PDMS elastomer is mechanically elastic at room

temperature (Fig. S2), whereas it has excellent remoldability at 100 °C owing to the non-
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covalent crosslinking with ionic bonds (Fig. S3). A sheet of the elastomer also exhibits
excellent responsiveness with regard to the presence of CO» gas: both the visible (colorless in
Nz <> red in CO;) and fluorescent (blue in N2 < pink in CO3) colors are rapidly and reversibly
changed (Fig. 1). Moreover, in contrast to conventional optically CO»-responsive polymeric

materials, our elastomer functions in totally dry gaseous conditions (Fig. S4).

Results and Discussion

We dissolved fluorinated cyanine dye 2a (0.534 mg), PDMS-COOH (0.353 g, carrying
1.30 x 10~* mol carboxy groups, Fig. S5, Fig. S6, and Fig. S7), and an amine crosslinker (TAEA,
15.8 mg) in a mixture of dichloromethane (4 mL) and methanol (0.7 mL), and dried the
resulting solution at 40 °C on a Teflon Petri dish. The resultant polymer sheet was dried at
40 °C for 2 days in vacuum. The number-average molecular weight and polydispersity index
of the PDMS-COOH were 34,700 and 2.75, respectively. The resulting elastomer sheet, which
we shall hereafter refer to as PDMS(2a), was almost colorless and transparent. The sheet was
approximately 0.36 mm thick. The mixing ratio of the groups in PDMS(2a) was 200
equivalents of carboxy groups to 500 equivalents of NH> groups compared with the dye.

The UV-vis and fluorescence spectra of the PDMS(2a) sheet, obtained in N> and CO; atmospheres,
are shown in Fig. 2a and Fig. 2b, respectively. As a control experiment, we also obtained the spectra
of the PDMS elastomer without the dye, as shown in Fig. 2a and Fig. 2b. The PDMS elastomer sheet
was optically transparent, although it did emit a very faint blue fluorescence. The characteristics of the
spectra are provided in Table 1. Upon the addition of CO,, the PDMS(2a) exhibited a significant
increase in absorption at 580 nm and a slight decrease in absorption at 350 nm. The fluorescence
spectra exhibited ratiometric fluorescent characteristics, with a large increase in the intensity of the

peak at 599 nm and a decrease in intensity near 460 nm. These changes in the UV-vis and fluorescence
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spectra corresponded to the visible (colorless in N> «» red in CO») and fluorescent (blue in N> «» pink
in COy) colors as the gases were switched. PDMS(2a) switched color rapidly and reversibly. The
absorbance at the maximum absorption wavelength (580 nm) was monitored during CO> and N>
switching, and the results are shown in Fig. 2c. The changes in the optical signals produced by the
PDMS(2a) sheet were rapid and repeatable, and persisted for at least 20 times as the gas was switched.
Notably, the color of the PDMS(2a) sheet changed within 1 min in a CO, gas stream. This color
switching of the PDMS(2a) sheet was much faster than in other CO»-responsive polymeric materials

2526 eyen though the PDMS(2a) sheet was relatively thick (approximately

with dual optical switching,
0.36 mm). We also confirmed that CO; gas did not affect the mechanical strength of the PDMS(2a)
sheet (Fig. S8). In contrast to polyimide membranes plasticized with CO» gas,** our PDMS(2a) sheet

is mechanically stable, even in CO2 gas. Furthermore, our PDMS(2a) sheet is capable of visually

detecting dilute CO> gas (5%) within 1 min.
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Fig. 2. a) Ultraviolet-visible (UV-vis) and b) fluorescence spectra of the PDMS(2a) sheet
exposed to N2 or CO; gas supplied at a flow rate of 1.5 L min ™! for 3 min. The inset photographs
were obtained in white LED light and UV light (A = 365 nm). The UV -vis and fluorescence
spectra of a dye-free PDMS elastomer sheet, which functioned as a control, are also included.
The excitation wavelength was 268 nm, as referred to by the excitation spectra (Fig. S9). ¢)
Time-dependent response of the PDMS(2a) sheet monitored according to the absorption of 580
nm radiation by dye 2a alternately exposed to CO> gas for 1 min and N> gas for 3 min at a flow
rate of 1.5 L min !. d) Chemical structure of dye 2b. e) UV-vis and f) fluorescence spectra of
the PDMS(2b) sheet exposed to N2 or CO» gas at a flow rate of 1.5 L min~! for 3 min. (PDMS
= polydimethylsiloxane; LED = light-emitting diode).
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Table 1. Optical properties of elastomer sheets in N> and COa.

ﬂvmax Aabs‘ ;Lex Fmax

(nm) (nm)  (nm)?
PDMS(2a) in Ny 266 464
PDMS(2a) in CO, 580 0.797 266 464,598, 635
Dye-free PDMS elastomer in N, 266 433
Dye-free PDMS elastomerin CO, 266 433
PDMS(2b) in N, 592 0.00 259 415,614, 653
PDMS(2b) in CO, 592 259 416, 615, 653

@ Maximum absorption wavelength. b Absorption difference between N, and CO, gases
at Amax. ¢ Maximum excitation wavelength. ¢ Maximum fluorescence wavelength
measured using excitation wavelengh (1ex). (PDMS = polydimethylsiloxane).

The fluorination of the dye is crucial for optical CO»-responsiveness. In fact, the PDMS elastomer
sheet containing dye 2b without fluorine atoms (Fig. 2d) was red even in N gas, and its UV-vis and
fluorescence spectra remained almost unchanged in the presence of CO> gas (Fig. 2e and Fig. 2f; Table
1, entries 5 and 6). This result was as expected because the energy of the lowest unoccupied molecular
orbital (LUMO) of fluorinated dye 2a is greatly reduced by the electron-withdrawing property of
fluorine atoms, and can readily form a CO»-sensitive amine adduct. In contrast, dye 2b, which has no
fluorine atoms, does not readily form an amine adduct. Both the fluorinated cyanine dye and the high
permeability of the PDMS with regard to CO2 are important for the design of our material. As a control,
we prepared an approximately 0.32 mm thick poly(methyl methacrylate) (PMMA) sheet doped with
dye 2a (Fig. 3). The concentrations of the fluorinated dye 2a and the TAEA were 1.55 x 10 mol g
and 2.58 x 10™* mol g, respectively. The PMMA sheet exhibited little color change over the course
of a few minutes. Even after 1 day of CO» exposure, only a slight color change was visible (Fig. 3).
The slow response of the PMMA sheet to CO> gas was owing to the much lower CO» permeability of

PMMA (6 x 10" m? s! at 6 MPa)** compared with that of PDMS (2 x 10~ m? s ' at 0.1 MPa)."
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Fig. 3. a) Contents of the PMMA sheet doped with fluorinated dye 2a. Photographs of the polymer
sheet under white LED light b) in N» and c) in CO; after exposure for 24 h. (PMMA = poly(methyl
methacrylate); LED = light-emitting diode).

On the basis of the behavior of dye 2a in the polymers, as described above, we speculate
that the consumption of free amines via the formation of carbamates with CO» molecules is
the trigger for the optical switching of PDMS(2a) in the presence of CO> gas. The expected
mechanism of the reaction with CO> is schematically illustrated in Scheme 1. In the first step,
free amines react with CO2 molecules to form carbamates. The formation of carbamates was
confirmed by the presence of vibration bands attributable to them in the infrared spectrum (Fig.
S10),33% and the weight increase due to the reaction with CO» (Fig. S4). In the second step,
the ammonium salts protonate the amine adduct of dye 2a, thereby recovering the conjugation

of the dye and causing a color change.
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Conclusion

We designed an optically COaz-responsive PDMS elastomer that rapidly and reversibly
undergoes both visible and fluorescent color changes in the presence of CO2 gas. In contrast to
conventional optically CO»-responsive polymeric materials, our elastomer functions in totally
dry gaseous conditions. The visible color (colorless in N> «» red in CO») and fluorescence (blue
in N2 < pink in CO») of the elastomer sheet change after only 1 min of exposure to CO». The
sheet also exhibits excellent repeatability in terms of color switching following exposure to

CO; or Nz gas, which persists for at least 20 times.
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Experimental Section

Materials

All reagents were purchased from appropriate commercial suppliers (Sigma-Aldrich, Tokyo Kasei
Kogyo, Wako Pure Chemical Industries, and Kanto Chemical) and used as received unless otherwise
noted. The reactive amino-functional polydimethylsiloxane (FM-3321) was provided by JNC
Corporation. The PMMA was obtained from Sigma-Aldrich. Dyes 2a and 2b were synthesized

according to the methods described in the literature.’’

Measurements

The UV-visible absorption spectra were obtained in solution using a Hitachi U-4100 system and in
sheet form using a PerkinElmer LAMBDA 950 system. The fluorescence spectra were obtained using
a JASCO FP-8600 spectrofluorometer (JASCO, Tokyo, Japan). The absolute fluorescence quantum
yields were determined by using a Hamamatsu Quantaurus-QY C11347-01 system. The fluorescence
lifetimes were calculated using a C11367-01 Hamamatsu Quantaurus-Tau compact fluorescence
lifetime spectrometer. The thermogravimetric measurements were performed using a TG-DSC
NEXTA STA 300 system manufactured by Hitachi High-Tech Co. (Tokyo, Japan). The Fourier-
transform infrared (FT-IR) spectra were obtained using a JASCO FT/IR6600 spectrometer. The proton
nuclear magnetic resonance ('H NMR) spectra were obtained at 392 or 400 MHz in deuterochloroform
(CDCl») using the residual solvent peak as an internal standard on a JEOL ECS-400 or ECX-400P FT-
NMR spectrometer. The carbon 13 nuclear magnetic resonance (1*C NMR) spectra were obtained at
99 or 101 MHz in CDClI; using the residual solvent peak as an internal standard on a JEOL ECS-400
or ECX-400P FT-NMR spectrometer. The molecular weights and the polydispersity indices of the
polymers were determined by gel permeation chromatography (GPC) using an EXTREMA HPLC
system (JASCO Co.) equipped with a polystyrene gel column (Shodex GPC LF-804) and calibrated

with polystyrene standards. The dynamic mechanical analysis (DMA) measurements were obtained
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on a DMA MCR702 system manufactured by Anton Paar Co. A tensile force of 0.05 N was applied to
a rectangular sample sheet (5.20 mm X 7.09 mm X 0.418 mm) at 1 Hz and 25 °C. A dumbbell-shaped
sample sheet with dimensions of 30 mm % 4.0 mm % 0.3 mm was stretched using an AND force tester

MCT-2150 at 27 °C under dry nitrogen.

Synthesis of PDMS-COOH

FM-3321 (46.7 g; 1.78 x 1072 mol primary amino groups) and 50 mL of dry tetrahydrofuran (THF)
were added to a 500 mL three-necked flask under an argon atmosphere and stirred at 25 °C. Next, as
much as possible of 1,2,3,4-butane tetracarboxylic dianhydride (1.76 g, 8.89 x 107> mol, 1 equiv.) was
dissolved in 300 mL of THF and injected into the flask. The reaction mixture was stirred overnight at
room temperature to complete the reaction. The polymer was then reprecipitated and purified using 2
L of MeOH. Next, the polymer was transferred to a Teflon petri dish and vacuum-dried at 40 °C for 4
days to produce PDMS-COOH (34.5 g, 71% yield). The number-average molecular weight and
polydispersity index were M, = 34700 and Mw/M, = 2.75, respectively (Fig. S7). The polymer was
identified by nuclear magnetic resonance. 'H NMR (392 MHz, CDCl3) § = 3.72-3.45 (m, 2H, CH:NH),
3.29-2.44 (m, 8H), 1.80-1.41 (m, 4H, CH,CH,NH), 0.59-0.44 (m, 4H, CH>Si), 0.06 (s, (CH3)2S1);
3C NMR (101 MHz, CDCls) § 180.0-171.1 (multiple peaks), 175.2, 171.1, 42.8, 42.1, 40.5-32.3

(multiple peaks), 23.5, 21.8, 15.6, 1.2 (Fig. S5 and Fig. S6).

Preparation of PDMS(2) sheet

PDMS-COOH (0.353 g, carboxy groups 1.30 x 10™* mol) and dye 2 (6.49 x 10”7 mol) were added to
a 10 mL beaker using 4 mL of CH2Clz. The polymer and dye were dissolved at room temperature, and
a mixture of amine crosslinker (TAEA) (15.8 mg, 1.08 x 10~* mol) and 0.7 mL of MeOH was added.
The resulting mixture was cast on a Teflon petri dish (® = 30 mm). The solution was allowed to stand

overnight at 40 °C, then vacuum depressurized for 2 days.
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Preparation of dye 2a-doped PMMA sheet

A solution of PMMA (0.418 g) and dye 2a (6.49 x 107 mol) in CH2Cl» (4 mL) was added to a Teflon
petri dish (® = 30 mm) at room temperature. Next, a solution of amine (TAEA) (15.8 mg, 1.08 x 107*
mol) in MeOH (0.7 mL) was added and the mixture was stirred well. The solution was allowed to

stand overnight at 25 °C, then vacuum depressurized at 40 °C for 2 days.
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Fig. S1. a) UV-vis and b) fluorescence spectra of a solution (3.3 mL) prepared from fluorinated dye
2a (5 x 107 M) and 5000 equiv. of n-hexylamine in methanol obtained after a specific volume of CO;
(0—8 mL) was allowed to bubble through the solution. A methanol solution of fluorinated dye 2a (5 x
10° M) was used for the spectra under amine-free conditions. ¢) The photographs were obtained under
white LED and UV light (A = 365 nm). (UV = ultraviolet; LED = light-emitting diode).
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Table S1. Optical properties of amine adduct responding to CO».

CO, (mL) Amax (NM) (e (M'em™) ) Aoy (NM)  Fray (nm)° OF g (ns)°
0 572 (4000) 571 587

0.5 571 (30000) 587

1 571 (48000) 589

2 571 (72000) 589

4 571 (97000) 590

8 571 (110000) 590

Amine-free 571 (130000) 590 0.07 0.38

@ Measured immediately after CO, was allowed to bubble through a solution comprising dye 2a
(5 x 107® M) in MeOH that had been stored for 1 h in the dark at 25 °C after adding n-
hexylamine (2.5 x 1072 M). P The fluorescence spectrum was obtained by using excitation
wavelength (Ag,). © Measured using an integrating sphere method. 4 Measured using a single
photon-counting method.
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Fig. S2. Stress—strain curve of the PDMS(2a) sheet. (PDMS = polydimethylsiloxane).

Initial Cut Remolded
@ 100 °C

Fig. S3. Photographs of the remoldable PDMS(2a) sheet. (PDMS = polydimethylsiloxane).
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Fig. S4. Gravimetric measurement of PDMS(2a) exposed to N> or CO; gas at a flow rate of 100 mL
min! at 27 °C, and real time photographs obtained under white LED light during the measurements.
The elastomer was dried in N> at 40 °C, returned to 27 °C, and then CO> was pumped through it,
switching to N> as soon as the weight gain was complete. (PDMS = polydimethylsiloxane; LED =

light-emitting diode).
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Fig. S5. 'H NMR spectra produced by a) FM-3321 and b) PDMS-COOH. ("H NMR = proton nuclear

magnetic resonance; FM-3321 = a reactive amino-functional polydimethylsiloxane; PDMS =
polydimethylsiloxane).
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Fig. S6. >°C NMR spectra produced by a) FM-3321 and b) PDMS-COOH. (3C NMR = carbon 13
nuclear magnetic resonance; FM-3321 = a reactive amino-functional polydimethylsiloxane; PDMS =

polydimethylsiloxane).
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Fig. S7. Molecular weight distribution of PDMS(2a) determined by GPC. (PDMS =
polydimethylsiloxane; GPC = gel permeation chromatography).
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Fig. S8. DMA of the PDMS(2a) sheet by force dispersion measurement was performed after drying
the sheet overnight in N at 25 °C, then exposing it to a stream of CO; for 120 min, and switching to
N2. (DMA = dynamic mechanical analysis; PDMS = polydimethylsiloxane).
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Fig. S9. Excitation spectrum obtained at 464 nm fluorescence and fluorescence spectrum obtained
using an excitation wavelength of 266 nm of a PDMS(2a) sheet in N.. (PDMS =
polydimethylsiloxane).
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Fig. S10. a) IR spectra of PDMS-COOH and PDMS(2a) in N> or CO. The polymers films were cast
on KBr plates from THF and from a mixture of CH2Cl, and MeOH (4/1 ratio), respectively.
Measurements were obtained after exposure to a stream of N> gas for 4 h, followed by another 3 h after
switching to COx. b) Differential IR spectra of a PDMS(2a) cast film in CO> and in N». (IR = infrared;
PDMS = polydimethylsiloxane; THF = tetrahydrofuran).
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General Conclusion

In this thesis, the author explored new synthetic methods for a-aryl-a-trifluoromethyl alcohols
and 1-trifluoromethylpropargyl alcohols and evaluated the stimuli responsiveness of ring-

perfluorinated trimethine cyanine dye.

In Chapter 1, the author presented a novel one-pot strategy using two successive conversions
by turbo Grignard reagent (i-PrMgCl-LiCl) for the facile synthesis of a-aryl or a-heteroaryl-a-
trifluoromethyl alcohols, which are important motifs in pharmaceuticals. This strategy exhibits a
wide substrate range and tunable reaction conditions. Tandem reactions using i-PrMgCl-LiCl with
commercially available iodoarenes and 2,2,2-trifluoroethyl trifluoroacetate consist of three tandem
reactions, namely, the iodine/Mg-exchange of iodo-arenes or -heteroarenes with i-PrMgCI-LiCl,
nucleophilic addition of various aryl- or heteroaryl-magunesium reagents to 2,2,2-trifluoroethyl
trifluoroacetate, and the reduction of in-situ generated aryl trifluoromethyl ketones by i-PrMgCI-LiCl
in a one-pot process. This methodology applies to various iodoarenes, heteroarenes, and fluorinated
esters. Advantages include resistance to various reducible functional groups on aromatic rings, ease of

operation, and readily removable byproducts.

In Chapter 2, the author mentioned the development of a simple, one-pot synthesis of various
3-aryl-1-trifluoromethyl propargyl alcohols based on the reaction of cyclopentylmagnesium
bromide (CpMgBr) with two commercially available reagents, 2,2,2-trifluoroethyl
trifluoroacetate, and terminal alkynes. This synthetic method involves three consecutive one-pot
reactions: 1) reduction of 2,2,2-trifluoroethyl trifluoroacetate by CpMgBr, 2) deprotonation of the
terminal alkyne by CpMgBr, 3) nucleophilic addition of the in-situ generated alkynyl Grignard

reagent and in-situ formed CF3CHO, leading to 1-trifluoromethylpropargyl alcohols substituted at
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the 3-position. This method has several advantages: one-pot nature, functional group tolerance,
suppression of bis-propargyl adduct formation, high product yields (up to 92%), use of
commercially available chemicals, ease of scalability, and diversity of products. Furthermore, the
resulting aromatic 1-trifluoromethylpropargyl alcohol reacts smoothly with phenylhydrazine in the
presence of DBU in toluene to form 1,5-diaryl 3-(trifluoromethyl)-4,5-dihydro-1H-pyrazole in

good to excellent yields.

In Chapter 3, the author described how ring-perfluorinated trimethine cyanine dye is highly
sensitive to n-hexylamine and undergoes a dual change with a large shift in solution and
fluorescent color. Furthermore, the dye was multi-responsive to various analytes other than
amines. The methodology of introducing several fluorine atoms proved to be effective in
increasing the sensitivity of the dye to amines and other nucleophiles. The fluorinated dye adsorbed
on the filter paper displayed reversible ratiometric fluorescence properties, instantly changing from
orange emission to blue emission upon amine vapor and returning to the original state after drying
in the air for 5 seconds. Furthermore, the amine adduct of the dye reacted with CO» in the solution

and returned to the conjugated system of the dye.

In Chapter 4, the author found that our optically COz-responsive PDMS elastomer rapidly and
reversibly underwent both visible and fluorescent color changes in the presence of CO» gas. Unlike
conventional optically COz-responsive polymeric materials, it functions in totally dry gaseous
conditions. The visible color and fluorescence of the elastomer sheet change after only 1 min of
exposure to CO2, and the sheet exhibits excellent repeatability in terms of color switching that

persists for at least 20 times.
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The author introduces 1) the development of a new simple synthetic method for organofluorine

compounds and 2) the evaluation of fluorine-containing functional dyes, which resulted in the

following insights regarding fluorine atoms.

1) In the synthesis of a-aryl-a-trifluoromethyl alcohols, owing to the electron-withdrawing

2)

property of the fluorine atom, the trifluoroacetate ester is highly electrophilic, and the
nucleophilic addition proceeded rapidly by the in-situ generated aryl Grignard reagent. The
reduction with the turbo Grignard reagent favored low-polarity solvents such as toluene.
Furthermore, the bulkiness of the trifluoromethyl group suppresses the formation of i-Pr adduct
byproducts and promotes the reduction with Grignard reagents. In the case of methyl groups
without fluorine atoms, the proton withdrawal and nucleophilic addition to the carbonyl carbon
by Grignard reagents compete with the reduction, making an efficient reaction very difficult.
In the synthesis of 1-trifluoromethylpropergyl alcohols, interestingly, the target compounds
were obtained by different reaction mechanisms despite similar reactions. Namely, the reaction
of cyclopentylmagnesium bromide (CpMgBr) with 2,2,2-trifluoroethyl trifluoroacetate was
performed in the presence of alkynyl Grignard reagent. Because of the electron-withdrawing
effect of fluorine atoms in the alcohol portion of the ester, CpMgBr reduces the ester, and
addition of trifluoroacetaldehyde with alkynyl Grignard reagent proceeded. The different
reaction mechanisms were probably due to the lower nucleophilicity of the alkynyl Grignard
reagent compared to the reducing properties of the alkyl Grignard reagent.

In the evaluation of the stimuli responsiveness of trimethine cyanine dye, introducing fluorine
atoms into the aromatic rings decreased LUMO of the dye, leading to a 3000-fold increase in
amine responsiveness and demonstrating excellent reversibility. Moreover, the amine adduct
of the dye responded to CO; in the solution, resulting in the elimination of the amine from the
dye. An elastomer sheet with fluorinated cyanine dye also changes its visual and fluorescent

colors against CO2. Forming ammonium carbamate from the reaction of amines with CO»
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causes color changes. The CO» responsiveness is affected by the polymer structure, its polarity,
its gas permeability, and other factors. The strategy to improve the stimuli-responsive property

by introducing fluorine substituents is effective for various organic dyes.
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