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Chapter 1

1 Introduction

Polyfluoroarenes exhibit significantly different properties compared to the parent
nonfluorinated molecules and appear in numerous natural products, agrochemicals,
pharmaceuticals, organic materials, etc.'') and the number of such fluorinated compounds
is rapidly growing.!”! For example, the oral diabetes drug Januvia, and extensively used

pyrethroid insecticides,”! all include polyfluoroaryl building blocks (Figure 1-1).

N F
NVL\N/ )Cl\ieﬁwle
z o)
NH, O o N i F
o)

F
F
Januvia (Merck, 2006) R = F, Fenfluthrin (Bayer, 1982)
H, Transfluthrin (Bayer, 1985)

o

Tefluthrin ( Syngenta 1986) Metofluthrin (SumiOne™
(Sumitomo Chemical, 2004)

Figure 1-1. Januvia and pyrethroid insecticides including polyfluoroaryl units.

Ezetimibe (Figure 1-2) is the first class of new compounds that inhibit the absorption of
bile in the small intestine and cholesterol in the diet. Basilea Pharmaceutica, which is a
spin-off from Roche, discovered Isavuconazole (BAL-4815, RO-0094815, Figure 1-2),
which can potentially be used to treat serious invasive and life-threatening fungal
infections by disrupting the structure and function of fungal membranes. In 2002, Pfizer
(Vfend) first developed Voriconazole (Figure 1-2), which was used for the therapy of
fungal infections in patients unsuitable for other treatments and for the treatment of

invasive aspergillosis.
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3 F
OH
DY
7 N
N Me N \\\
N
Ezetimibe - NC Isavuconazole

OH
-N

/N °N N7\
<N/JF <)

F
Voriconazole Fluconazole

Figure 1-2. Fluoroarene-containing drugs: Ezetimibe, Isavuconazole, Voriconazole and

Fluconazole.*!

Thus, exploring different methodologies for the introduction of fluorinated units into
target compounds is highly desirable. One prospective method that has emerged recently is
the generation of functionalized fluorine-containing boronate compounds, which can be
coupled or added to substrates and the boryl group can be transformed into various
functional groups (Figure 1-3). For example, fluorinated aryl boronates can be used in
Suzuki-Miyaura cross-coupling reactions, which afford fluorinated biaryl compounds.
Fluorinated aryl boronates are also used in other cross-coupling reactions such as Chan-
Evans-Lam aminations, and Sonogashira alkynylation can also generate fluorinated

organic compounds.
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Ar-C(O)H

A\ BOR)
£

= |
R
. N
FnT/
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X=Cl, Br, I, OTf
| X
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Z H
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R
|\\
Z NH,
\
H
N
| —R
_ _

Figure 1-3. Applications of fluorinated aryl boronates.

1.1 Addition Reactions of Fluorinated Aryl Boronates

1.1.1 Addition of Fluorinated Aryl Boronates to Carbonyls

Efficient transition metal-catalyzed 1,2-additions of organometallic compounds to
carbonyl groups for constructing alcohols have gained enormous attention in the past few
decades.”! Specifically, organoboronates have great advantages such as low toxicity, good
functional group tolerance, and they are readily available.[) In 1998, Miyaura et al.l” first
disclosed a Rh-catalyzed addition of arylboronic acids to aldehydes (Scheme 1-1). The

reaction was tolerant to arylboronic acids containing electron-rich or electron-poor

moieties, giving modest to excellent yields.
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OH
OH C(OH
(O)H  Rh(acac)(CO),, dppf' R'—\ | \_R1
DME/H,0 (1/1) % =
80°C, 16 h
18 examples
(31-99%)
oH OH
‘ ‘ “CF, I B

F 529, CN 97% 88%

Scheme 1-1. Rh-catalyzed addition of boronic acids to aldehydes.

A proposed mechanism for this reaction is displayed in Scheme 1-2. First, the
arylboronic acid and an RO-Rh complex undergo transmetalation to generate Ar-Rh
intermediates and then insertion of aldehydes gives alcoholate intermediates, which are

hydrolyzed giving the product.

N (OH),
R N Rh-L
HORh'L, - R
N C(O)H
R‘./
oH Y
ORh'L
A A
R'_!/ | R Rl | Il
H,0 % Z

Scheme 1-2. Proposed mechanism for the Rh-catalyzed addition of boronic acids to

aldehydes.

In subsequent studies, Gois et al.™™ disclosed a novel catalytic system for the addition of
boronic acids to aldehydes, employing dirhodium(II) complexes as catalyst precursors and
NHC as the ligand (Scheme 1-3). This reaction provided a new reaction mode using
dirhodium(II) dimers, which may involve transmetalation between the aryl boronic acid

and a dirhodium(II) complex.
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OH
Ny BOH:2 A ACOH  Rhy(OAc),, Ligand N N
R:_ + R1|_ > R'_ | _R1
— Pz DME/H,0 = =
90°C,1h
18 examples
(67-99%)
F OH OH OH
x x
\_0 \_s
84% 93% 99%
®
OH r\N
N o
N Cl
L.
98% N NHC Precursors

Scheme 1-3. Dirhodium(II)-catalyzed addition of boronic acids to aldehydes.

In 2008, Shirai et al D reported an efficient Pd/thioether-imidazolinium chloride system,
which promoted the addition of aryl-, heteroaryl-, alkenylboronic acids to aromatic,

heteroaromatic, and aliphatic aldehydes (Scheme 1-4).

OH SPh

|
|
N BOH: N C(O)H  [Pd(allyl)Cl],, Ligand - N N | NC/\N(D@
R{— + Rl . o RT | R c
P = CsF, dioxane, 80 °C = = !
|
|
i

NHC Ligand

24 examples
(65-99%)

Scheme 1-4. Pd-catalyzed addition of boronic acids to aldehydes.

In 2008, Hu et al''” introduced an air and moisture-stable ortho-platinated
triarylphosphite catalyst for the addition of arylboronic acids to aldehydes, with
unprecedentedly low catalyst loading (Scheme 1-5). In addition, this catalyst is also
efficient for a tandem sequence for the reaction of arylboronic acids and o,f-unsaturated

aldehydes.
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O\ pAr
P-OAr
Pt
cl

B(OH), C(OH  pt catalyst, K;PO

X X ySt, RaFPUy4 XN N

RT™ + R > RI- | IR
= = Toluene PZ =

80 °C, 2-48 h

29 examples
(71-98%)

Scheme 1-5. Pt-catalyzed addition of boronic acids to aldehydes.

In 2009, Itami et al.'"! described an efficient Ni(cod),/IPr-HCl-catalyzed addition of
neopentylboronate esters to ketones and aldehydes under remarkably mild conditions

(Scheme 1-6).

e r
C(O)H  Ni(cod),, IPrHCI
toluene, CsF L =

23°C, 12-24 h
10 examples
(52-92%)
OH OH
Csz

o0
F3C SIMe S

85% 69% 52%

Scheme 1-6. Ni-catalyzed addition of Ar-Bneop to aldehydes.

In 2009, Wu et al."? reported a novel approach to generate alcohols, employing
Cu(OAc), and dppf as the ligand (dppf = 1,1’-bis(diphenylphosphino)ferrocene) in air
(Scheme 1-7). Reactions of various aldehydes with arylboronic acids gave moderate to

good yields.
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(j/ B(OH), O/C(O)H
R + Rz
= Pz

OH
Cu(OAc),, dppf

> Ry | SR
toluene, NaOAc = =

100 °C, 24 h

20 examples
(57-96%)

83%

84% 95%

Scheme 1-7. Cu-catalyzed addition of boronic acids to aldehydes.

In 2009, Li et al'" described the FeCl; and 2-(di-tert-butylphosphino)biphenyl-

promoted addition of arylboronic acids to aryl aldehydes (Scheme 1-8). Various electron-

poor aryl aldehydes are suitable affording moderate to excellent yields. Electronic effects

of the functional groups in both the arylaldehydes and arylboronic acids effect the yield of

this reaction.

i
- B(OH):2 x~C(OH  Fecls, Ligand N N E
Ri— + R > i | g PBu
F F K2003,THF ! = = :
]
1
1
|
1

90°C,22h

23 examples
(19-99%)

OH
OzNF

99% 98%

ShSH

Scheme 1-8. Fe-catalyzed addition of boronic acids to aldehydes.

In 2010, Cheng et al.'"* demonstrated a Co-catalyzed addition of organoboronic acids

to aldehydes, generating secondary alcohols in excellent yields (Scheme 1-9). Inexpensive

Col, and the commercially available chiral ligand (R,R)-BDPP generated chiral products,

and numerous organoboronic acids and aldehydes are suitable substrates.
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OH
B(OH), C(OH Co(acac),, dppe
[ Y (acac),, dpp 0 N
RT R RY | —R
= Z THF/CH5CN — _
80°C, 12 h
27 examples
(57-98%)
OH F OH OH OH
F
80% 82% 92% F 89% CFs

Scheme 1-9. Co-catalyzed addition of boronic acids to aldehydes.
1.1.2 Addition of Fluorinated Aryl Boronates to Terminal Alkynes

Much effort has recently been spent on the catalytic hydroarylation of internal alkynes

51 that regard, metal-

as to it provides quick access to highly functionalized alkenes.
catalyzed additions of arylboronic acids to alkynes has attracted attention.!'® In 2008,
Cheng et al'” developed the hydroarylation of diaryl alkynes with boronic acids to

synthesize triaryl-substituted ethene derivatives, using a rhodium catalyst (Scheme 1-10).

7 R

. B(OH)2 Rh(CO)s(acac) H —
Ry— + R'——R? > —

Z toluene/H,0 R1 R2

110 °C, 12 h

15 examples

(67-90%)
CF5 Cl CHs,

WO O OO

80% 85% 83%

Scheme 1-10. Rh-catalyzed hydroarylation of diaryl alkynes with boronic acids.
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In 2010, Chen and Wu et all" reported a novel approach for the synthesis of
trisubstituted arylalkenes via addition of arylboronic acids to alkynes catalyzed by PdCl,
using i-Pr,NPPh; as the ligand (Scheme 1-11).

7 XR

- B(OH)2 PdCl,, i-Pr,NPPh, H —
Ry + R-—=—R? > —

= THF, K2003 R1 R2

65°C, 2-12 h

34 examples

(51-99%)
CF; F CN

OO OO O

84% 89% Cl 68% Cl

Scheme 1-11. Pd-catalyzed hydroarylation of diaryl acetylenes with boronic acids

In 2020, Carretero et al.'”! described the palladium and visible light photocatalyzed
addition to electron-deficient internal alkynes of both electron-poor and electron-rich
arylboronic acids, which gives good to excellent yields (Scheme 1-12). Mechanistic
studies showed that Pd(OAc), promoted the hydroarylation and Ir(ppy);-photocatalyzed

the £-Z isomerization.

10
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Pd(OAc),/dppe (5 mol)% J MR
AcOH (20 mol%) _
o X B(OH):2 o e Ir(ppy)s (1 Mol%) o H
T + =
- THF: rt, 24 h R EWG
blue light (465 nm)
35 examples
(69-93%)
CHO @) R O,N
EtO,C EtO,C o o
— = — OMe —
H H H H
89% 93% 80% 74%
Z:E=97:3 Z:E=95:5

Scheme 1-12. Dual metal-catalyzed hydroarylation of internal alkynes with boronic acids.

In 2004, Oh et al.* developed the Pd-catalyzed addition of aryl borates to alkynes,
with readily available substrates and mild reaction conditions to afford excellent yields.
The proposed mechanism is depicted in Scheme 1-13. Initially, Pd(OAc), and HOAc
generate a H-Pd-OAc complex and addition of H-Pd-OAc to the alkyne affords alkenyl
palladium intermediate A. Then, the arylboronic acid and the alkenyl palladium
intermediate generate intermediate B via transmetalation. Reductive elimination from B

affords the desired product, regenerating the Pd’ complex.

11
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%
[Pd(PPhg3)4] —
N B(OH), (3mol%) H_
Ro— + R'-=——R? >
¥ 1,4-dioxane, acetic acid R'" R?
80°C,2-15h
21 examples
(75-99%)
Pd°
+ HOAC
R!I——R?
H-Pd-OAc
H PdOAc

R?=<R2 A
H Pd—@R X BOH):
I NG Ra
B

Scheme 1-13. Pd-catalyzed hydroarylation of internal alkynes with aryl boronic acids.

1.1.3 Addition Reaction of Fluorinated Aryl Boronates to Alkenes

Rh-catalyzed conjugate addition of arylboronic acids to alkenes represents a useful
methodology for the asymmetric synthesis of carbon-carbon bonds.*" In 2006, Hayashi et
al® developed an efficient system for the asymmetric 1,4-addition of arylboronic acids
to quinone monoketals employing a chiral diene and a Rh complex, with high yields and

excellent enantioselectivities (Scheme 1-14).

12
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[RhC| C2H4)2]2 (3 10 m0|)% / \ z )
(R,R)-Ph-bod* R 0 © IR
B(OH), (1.1 equivs. to Rh)
* R KOH (20 mol%) g
1,4-dioxane/H,O (10/1) o)
20-30°C, 20 h 11 examples
(87-98%)
Cl
F OMe
% O
5 5 5 ( )-Ph-bod*
93% 94% 95%

Scheme 1-14. Rh-catalyzed hydroarylation of alkenes with boronic acids.

In 2019, He et al.'*! disclosed a novel one-pot relay reaction, in which aryl halides and
triflates initially afford aryl boronates in sifu, which then add to olefins via a
nickel/rthodium binary catalyst system (Scheme 1-15). This reaction employed aryl

boronic acid substrates with electron-poor substituents to give products in excellent yields.

o)
NiCl,dppp (1 mol%)
PPh3 (2 mol%) [(COD)RACI]

Br B(OH 2

RIS By(OH)s, (4.5€q) i S (O (1.5mol%) S
N~ DIPEA, (9eq) = N\ A 2-cyclohexenone | R
EtOH, 80°C, 4 h Base, 80 °C 22 examples
52-90%
2% 29% Me 849 CHO 82% AC

Scheme 1-15. Ni/Rh-catalyzed hydroarylation of alkenes with boronic acids.
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1.2 Cross-coupling Reactions of Fluorinated Aryl Boronates

1.2.1 Cross-coupling of Fluorinated Aryl Boronates with Terminal Alkynes

Aryl and heteroaryl alkynes are useful in chemical synthesis due to their ability to be
conveniently transformed into many compounds and they are widely used in the synthesis
of pharmaceuticals, natural products, and materials.**! Consequently, many methodologies

1.1 reported a novel Pd-

to install alkynyl groups have been developed. In 2003, Zou et a
catalyzed oxidative cross-coupling of terminal alkynes with arylboronic acids (Scheme 1-
16).1°! The process is different from traditional Sonogashira cross-coupling and is suitable

for both electron-rich and -deficient alkynes.

H
.
Ny BOH: ~7 PdCly(dppf). AgoO R 7\ =\ R’
R— + R1:— ¢ — \ /
% »Z CH,Cl,, K,CO4 —
rt
8 examples
(30-90%)

Scheme 1-16. Pd-catalyzed oxidative coupling of boronic acids with terminal alkynes.

In 2007, Wu et al. > disclosed an efficient and convenient Pd-catalyzed cross-coupling
of arylboronic acids/esters with terminal alkynes, using a cyclopalladated ferrocenylimine

with Ag,O as an additive (Scheme 1-17). Electron-deficient alkynes can be used as

substrates.
P H
. B(OH) ~~7 Pd catalyst, Ag,0 R — R!
R—— + R A ———
2 Z CH,Cl,, KOAC — W
rt, 24 h
19 examples
(20-90%)
CFs CH, H,CO
81% 85% 61%

Scheme 1-17. Pd-catalyzed oxidative coupling of boronic acids with terminal alkynes.
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Cheng et al.?” reported the oxidative coupling of arylboronic acids with terminal
alkynes, in which copper was used as a catalyst (Scheme 1-18). This convenient
methodology employs an inexpensive catalyst. However, this method also has some
limitations, such as the requirement for high temperatures and long reaction times, giving

only moderate yields.

H
/
. B(OH) N2 Cul,Ag,0,Cs,CO; R = R
" + rM o~ N\ —
Ry RS S — N\ /
= P DCE, 80°C, 24 h —

17 examples
(45-88%)
F3C
FO%COOEt @%COOH CI
72% 75% 53%

Scheme 1-18. Cu-catalyzed oxidative coupling of boronic acids with alkynes.

In 2014, Mao et al.* achieved Pd-catalyzed cross-coupling of arylboronic acids with

alkynes or alkynyl carboxylic acids, as shown in Scheme 1-19.

H
Z
X B(OH), N Z Pd catalyst, Ag,0 R4 —/R1
R— + R -~ N —
% 2 CH,Cl,, KOAC — \_7/

35°C, 24 h, Ar
20 examples
(30-99%)
=) =) -O—=C)
92% 73% 93%
H(O)C ~n-N
A\
— — .F’Id~ >_NH2
Br — o S
PPhs
96% 93% Pd catalyst

Scheme 1-19. Pd-catalyzed oxidative coupling of boronic acids with alkynes.
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1.2.2 Suzuki-Miyaura Cross-coupling of Fluorinated Aryl Boronates

As among the most important building blocks in organic synthesis, biaryls have been
used in medicinal, agrochemical, and material sciences.” Suzuki-Miyaura cross-coupling
is a convenient and efficient method to build biphenyls, using organic halides as the
electrophilic component. In 2010, Buchwald ez al.®” employed a Pd catalyst, and K5PO,
as the base, to cross-couple polyfluorophenylboronic acids with aryl halides (Scheme 1-

20). The scope of the reaction included aryl bromides, chlorides, and triflates.

i ! s
A NH,
| B(OH), XPhosPd-G2 (2-3 mol%) z ; |
R—+ +  ArX - |, | : Pd—Cl
A, 0.5 M KsPO4(aq), rt, 30 min Y& F : O |
THF (2 mL) E XPhos
' XPhosPd-G2
Fo 0
Y/
F
OtBu
ifg'{gng’ X = Br X = Cl X = Cl
= br. 927 45% 96% 95%
X = OTf. 95% b
OMe

N
/
\§
N N

X =Cl X=Cl
99% 77%

NH»

X =ClI
97%

Scheme 1-20. Pd-catalyed cross-coupling of polyfluorophenylboronic acids with aryl
halides.

In 2019, Radius and Marder et al.®"! reported the copper-catalyzed Suzuki-Miyaura
cross-coupling of polyfluorophenyl-Bpin with aryl halides. Copper iodide and
phenanthroline plus CsF were highly effective for the cross-coupling of polyfluorophenyl-
Bpin with aryl iodides giving the desired products in good to excellent yields (Scheme 1-
21).
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o BPin /@ Cul/phenanthroline (10 mol%)
]
F.— + > A
N> | CsF, DMF Fo—t

130 °C, 18 h

O
o
O

F 81% 75%
e
Q FaC O
-
95% F 94% 99% CF3 92%

Scheme 1-21. Cross-coupling of polyfluorophenyl-Bpin compounds with phenyl iodide.

X B(OH):2 N NO, Pd(acac),, Ligand
Ri— + R >
2 Z K3PO43H,0, dioxane

130 °C, TDA, N,

53 examples

(34-96%)
i YAV ¢
49% 62% 95%
F CF, =
N
N -& o
Cl
iPr iPr
sol¥se
N A iPr
86% 48%

Scheme 1-22. Pd-catalyzed coupling of boronic acids with nitroarenes.

In 2019, Wu et al."? disclosed the Pd/NHC-catalyzed Suzuki-Miyaura coupling of

nitroarenes with aromatic and aliphatic boronic acids, in which the ligand 2-aryl-5-(2,4,6-
17
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triisopropylphenyl)-2,3-imidazolylidene[ 1,5-a]-pyridine and a small amount of TDA
(tris(3,6-dioxaheptyl)amine) play crucial roles (Scheme 1-22). In 2019, Wu et al.’”
reported the cooperative Pd/Rh-catalyzed cross-coupling of aryl trifluoromethyl sulfones
with Ar-Bneop (neop = neopentyl glycolato), generating biaryls in moderate to excellent

yields (Scheme 1-23).

|| CF3 Pd catalyst, /—'R1
neop i« [RClcod)l, AN
base, THF " U___
70°C,12h
17 examples
(48-99%)
OMe ‘/‘/CF3 /‘/‘/
Je >~ |
61% 92% 99%

’Pr N(iPr)2 Pr

N

N
SiMe; NMe, Ll I\D( o
iPr
© Pd catalyst

96% 97%

Scheme 1-23. Pd/Rh-catalyzed coupling of aryl trifluoromethyl sulfones and aryl

boronates.

In 2020, Szostak et al.’*! reported the Pd-catalyzed cross-coupling of aroyl chlorides
with boronic acids to give biaryls (Scheme 1-24) which is suitable for aryl boronic acids
with electron-withdrawing substituents including Cl, F, and CF3, giving good to excellent

yields.
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N [(1-fBu-ind)PdCI], 72
N B(OH), AN (7.5 mol%) Y
- P PPh3 (30 mol% [
NaHCO; (3 eq.)
160°C, 15h 37 examples
1,4-dioxane (46-92%)
O Fi
F : cl : F
89% 76% 68%
9 " O
FsC 689
68% F,46% *

Scheme 1-24. Pd-catalyzed coupling of aroyl chlorides with aryl boronates.

(0]
"
S B(OH), Ni(acac),, Ligand
D D AN 2y
R1: | —R!' * Ry ; . >
= = = KO'Bu, dioxane
130 °C, 36 h, N,
34 examples
(10-94%)
29% 44%, 84%
N
N N@// e
OCHs Cl
O iPr iPr
H5CO
O Ligand
54% 47% Pr

Scheme 1-25. Ni-catalyzed coupling of aryl sulfoxides with aryl boronates.
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In 2020, Chen et al.**! disclosed an effective cross-coupling of aryl sulfoxides with aryl
boronates, using an easily prepared Ni/5-(2,4,6-triisopropylphenyl)imidazolylidene[1,5-
a]pyridine catalyst system (Scheme 1-25), giving modest to excellent yields.

Unfortunately, heterocyclic substrates were unsuitable for the reaction.

In the aryl boronate cross-coupling reactions, Lewis acidity also has an important

1.5% developed aryl-Bdan (dan =

impact on the reactivity. In 2007, Suginome et a
naphthalene-1,8-diaminato) derivatives, in which the reduced Lewis acidity at boron led to
lower C-B bond reactivity. In 2020, Saito et al.’”' described an highly effective Pd-
catalyzed Suzuki-Miyaura cross-coupling of phenyl iodides with polyfluorophenyl-Bdan
derivatives to afford biaryls. As shown in Scheme 1-26, a series of polyfluorophenyl-Bdan
derivatives were used, with [Pd,(dba);]-CHCI; and different ligands such as Xphos and

PPh; affording the products in good yield.

[Pdy(dba)z]-CHCI3 (2 mol%)
Ligand (4.0 mol%) OMe

OMe
N Bdan 1.0 M KOt-Bu/THF
Ff_T‘/ + | > |\\
=

toluene Fo—o
70°C, 24 h

OMe OMe
“! F“] F
e L :
95% 75% 83%
(Ligand: PPhg) (Ligand: PPhs) (Ligand: Xphos)

Scheme 1-26. Pd-catalyzed cross-coupling of polyfluoroaryl-Bdan with aryl iodide.

At the same time, Tsuchimoto er al.’® disclosed an effecient Pd-catalyzed cross-
coupling of 4-bromotoluene with fluorophenyl-Bdan derivatives to afford biaryls in

modest to excellent yields (Scheme 1-27).
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Pd(PPhs), (5 mol%) OMe

Me
©/Bdan /©/ KOt-Bu (1.5 equiv)
Fo—o + > A
" % Br 1,4-dioxane, ' P

100°C, 1 h

Me Me Me
O F N\ MeO_ _N

89% 33% 92%

Scheme 1-27. Pd-catalyzed cross-coupling of fluoroaryl-Bdan with an aryl bromide.

In 2021, Bedford e al.’”) reported the Co-catalyzed cross-coupling of aryl chlorides
with aryl-Bneop derivatives, promoted by commonly used alkoxide bases (Scheme 1-28).
Under optimized reaction conditions, they found that the amount of base has an important
impact. For example, KO'Bu works well, but excess base poisons the catalyst. For,

LiO'Bu, even catalytic amounts kill the catalyst.

Q/\/'L CoCl, (5 mol%)
N B e Cl IPrHCI (5 mol%)
Ri— + R >
A F KO'Bu (1.5 equiv)

60 °C, 24 h, THF

37 examples

(17-99%)
.’O " Me’,O "
F 93% € 90% MeO 679 MeO 39%

Scheme 1-28. Co-catalyzed cross-coupling of aryl chlorides with aryl boronates.
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1.3 Amination of Fluorinated Aryl Boronates

1.3.1 Chan-Evans-Lam Cross-coupling

In the past few decades, amines have attracted much more attention, due to their
ubiquitous appearance in agrochemicals, pharmaceuticals, natural products, and functional
materials,*”! as has methodology for constructing amines. Cu-catalyzed N-arylations of
aryl boronic acids play a key role,”*"! which is known as the Chan-Evans-Lam cross-
coupling reaction. Such reactions are conveniently conducted at room temperature, and
avoid the use of expensive Pd catalysts.*! In 2001, Buchwald et al."*") reported the Cu-
promoted cross-coupling of arylboronic acids with aryl amines, assisted by a small amount
of myristic acid and a stoichiometric amount of 2,6-lutidine, but this system was not
effective for aryl boronic acids with electron-withdrawing groups such as Cl (Scheme 1-

29).
Cu(OAc), (5-10 mol%)
B(OH), H2N myristic aC|d (10-20 mol% O/ \O
R2
O/ \© 2,6-lutidine (1 equiv)

toluene, air, 20 h

1.5 equiv

oo oo O

79% 70% 10%

Scheme 1-29. Cu-catalyzed N-arylation of aryl boronic acids with anilines.
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F
H,N d
OH)z 2 \O u(OAc), (20 mol%) - F N\O
EtOAc, Oy, rt E E G
F

E o H " H " H
F F\©\Me F F OMe F F Cl
F F F
70% 80% 60%
F H F H F H F
F N\©:F F N F F N i F
F F F F F\©/ F F F
F F F F
67% 65% 60%

Scheme 1-30. Cu(Il)-catalyzed N-arylation of C¢FsB(OH), with anilines.

Recently, the reaction of pentafluorophenyl boronic acid with anilines to afford the
corresponding N-pentafluorophenylanilines was reported by Su ez al.l** which is suitable
for anilines containing electron-rich and electron-poor substituents, giving modest to

excellent yields (Scheme 1-30).

In 2012, Kiirti er al'*! reported a novel metal-free system to synthesize primary
aromatic amines from arylboronic acids, generating anilines in good to excellent yields
under mild conditions (Scheme 1-31). Halogenated primary anilines also smoothly

produced the desired products.
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0. DCE, 50 °C NH
AN B(OH NH, ot h Ay Nz
R— » R
F O.N NO, F
1.1 equiv 23 examples
(42-88%)
NH NH /©/NH2 /©/NH2
C/©/ F/©/ [
3
78% 82% 88% 60%
Me F
/©/NH NH, Br NH,
Br Cl
Br Br
83% 80% 56% 54%

Scheme 1-31. Metal-free primary amination of arylboronic acids.

In 2012, Wang et al.l* disclosed an efficient transition metal-free amination of
arylboroxines with O-benzoyl hydroxylamines using K,COj; as the base with moderate to

good yields (Scheme 1-32).

Ar 1
| R1 ) R
.B< A K,CO3 (2 equiv) !
(I) (|) + st 2 > Ar/N‘RZ
_B. ..Bo BzO™ R 1,4-dioxane,
At 0" A 130 °C, 24 h
37 examples
(35-99%)
o
/@/ /©/ /©/ N\)
60% 94% 91%
Ph Ph Ph
: N_P N._Ph Cl N._Ph
FsC 71% 73% 80% 96%

Scheme 1-32. Transition metal-free amination of arylboroxines.
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In 2018, Radosevich et al.*”! developed a novel method to synthesize amines from
nitroarenes and boronic acid derivatives using the phosphorus-based catalyst 1,2,2,3,4,4-
hexamethylphosphetane and phenylsilane as the reducing agent, which is suitable for Ar-
B(OH), substrates including those with electron-rich and electron-poor substituents such

as Cl and CN, giving good to excellent yields (Scheme 1-33).

Phosphine oxide catalyst

H
ABOM2 NO, PhSiHs (2 equiv) o N
Ry + R o~ Ry— | =R
= = m-xylene, 120 °C _ _

2-24 h

30 examples

(50-90%)
H H H
o0v Oou JOuU
MeO cl NC
86% 79% 74%
M
H H M Me Me
N HoN N © P<
og JUu :
Br Cl Me Me
65% 62% Phosphine oxide catalyst

Scheme 1-33. Phosphine oxide-catalyzed coupling of nitroarenes and arylboronic acids.

In 2018, Niu et al."** demonstrated the amination of arylboronic acids with N-alkyl
hydroxylamines under mild conditions, activated by trichloroacetonitrile in the absence of

metal and base, with modest to excellent yields (Scheme 1-34).
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e
H —IR1
| N N X
I—/

N B(OH)2 N N'OH CCI;CN (1 equiv)
Ry~ + R H " 5 > R
_ P BUOH, 28 °C
1-8 h
47 examples
(30-99%)
: 99% : 96% Br : 94%
NS 1 @r(
53% 97% 84%

Scheme 1-34. Transition metal-free amination of organoboronic acids.

H
B(OH), O=N P(OEt); (1.2 equiv) N N N
—R > LU —R!
£ U
toluene, rt Z S

45 min
F
H H
Q“O o0 OO0
eO F
900/0 89% 75%
H
F H N Br H
“ |® N
: O
F Cl
75% 95% 65%

Scheme 1-35. C-N cross-coupling of aryl boronic acids with nitrosoarenes.

In 2018, Csaky et al.*! developed an attractive transition metal- and base-free method
for the C-N coupling of aryl boronic acids with nitrosoarenes. This room temperature
reaction promoted by P(OEt); gives unsymmetrical diarylamines in good to excellent

yields (Scheme 1-35), but is not suitable for Ar-Bpin and Ar-BF;’ K" substrates.
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In 2020, Ding et al.®” established a Cu-mediated protocol for the synthesis of
benzimidazole, employing TMS-N3 and aldehydes in DCB (o-dichlorobenzene), which is
suitable for an extensive range of substituted Ar-CHO and Ar-B(OH), substrates. The
reaction was conducted under mild conditions furnishing the desired benzimidazoles in
moderate to high yields. Scheme 1-36 shows the plausible mechanism which was
proposed. First, Ph-B(OH), underwent Chan-Evans-Lam coupling with TMS-Nj3 affording
aniline. Imine B would be furnished by condensation with the aldehyde. Intermediate C
could be coordinated to Cu(Ill) which arises from disproportionation. Subsequently,
intermediate D could be generated by the replacement of the ligand of C by HOPiv and
TMSN;. A single electron transfer (SET) between the aryl ring and the metal center
formed E. Subsequently, N3 attacks the aryl ring resulting in the formation of
intermediate F. Copper-assisted amination of intermediate F gives G, and oxidative
cyclization formed the desired product.

Cu(TFA),.xH,0
X

R1
C(O)H _PIVOH,DCB @
F 110 °c 24 h, Ar

27 examples
(33-90%)

[Cu]/TMSN3 NHz A  ACOH Cu "
Chan Lam
u(lll

A )+ Cu 1)
Ar
Qv
N3«
Cu(ll 3 Cu(ll u(llny
N\ Af N A N A seT N\ Ar 6SiN;
C[ C[ O/ HOPiv

NH, SET

>v

Scheme 1-36. C-N cross-coupling of Ar-CHO with Ar-B(OH),.
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1.3.2 Synthes of 3-aminoindole Derivatives

Among numerous indole derivatives, 3-aminoindoles have found wide application in
medicinal chemistry, e.g., as effective anticancer agents, potent inhibitors of tubulin

Bn 2010, Gevorgyan ef al.P?

polymerization, and for the prevention of type II diabetes.
reported a novel copper-catalyzed multicomponent coupling reaction to synthesize 3-
aminoindole, using 2-aminobenzaldehyde, and an alkyne as precursors, affording good to

excellent yields (Scheme 1-37).

H  cucl (5 mol%)

~CHO  R3 Re N 7 Cu(OTf), (5 mol%)
4 + 'N° o+ R >
RC[ H ~ DMAP (1 equiv)

80°C, 12-16 h, MeCN

30 examples
(32-97%)

Ts

68%

Scheme 1-37. Three-component coupling to synthesize 3-aminoindolines.

In 2010, Gevorgyan et al.”’! disclosed an efficient Zn-mediated cascade cyclization
reaction between arylhydrazines and propargylic amides (Scheme 1-38), which tolerates a

wide range of functional groups, giving good to excellent yields.
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NHR?
NHz 2 ZnCl, or ZnBr,
N NHR . X
X ‘R (3 equiv) . R— N Me
Ri— + P > PN
Y = DME,110 °C, 20 h '
R
15 examples
(48-94%)
NHAc NHAc NHAc
F cl Br
N Me A Me N Me
N N N
H H H
72% 89% 78%
NHAc NHAc NHAc
NC Br
N Me N Me N Me
y N \
80% F 66% 5% "1

Scheme 1-38. Two-component cyclization reaction to synthesize 3-aminoindolines.

In 2012, Miura et al.®¥ reported the Cu-catalyzed amination of o-alkynylphenols and -
anilines with O-acylated hydroxylamines at room temperature to synthesize 3-
aminobenzofurans and -indoles (Scheme 1-39). The optimized reaction employed Cu(II)

as a catalyst and no ligand.

In 2016, Liu et al® reported a novel and efficient Rh(IIl)-catalyzed cascade
cyclization to furnish 3-amidoindoles and 3-amidobenzofurans, wusing N-
pivaloyloxylamides as the electrophilic nitrogen reagents under mild conditions (Scheme
1-40). This process tolerated many functional groups and provided good to excellent

yields.
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R’ CuCl (10 mol%) N-R
u mo
Z 2 B3 ot N A\
X . R”N'R LiO'Bu (2 equiv) Ri— R1
RT | o Z N
A NH OBz DMF, rt, 6-12 h )
| S
M
s 18 examples
(3-93%)
NEtz NEt, NEt,
74% 4a% 17%
O
NEt, NEt,
N
80% 3% 44, Ms

Scheme 1-39. Two-component annulation for the synthesis of 3-aminoindolines.

In 2017, Wang et alP% disclosed a novel ZnCl,-mediated 3-amidation of indole
skeletons using N-[(benzenesulfonyl)oxy]amides as the electrophilic nitrogen source
(Scheme 1-41). Aminal products were furnished in the absence of ZnCl,. The reaction

gave moderate to excellent yields.
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R2
R HN’Q
F [Cp*RhClyl, N 0
RIS . Rz\",NHOPiv (125mol%) Ry N Rt
o Z
NN o K,CO3 (1 equiv) N
1 MeOH, rt, 12 h Ts
22 examples
(32-98%)
Bn Bn Bn

Ts Ts Cl :I's

98% '° 97% 45%

Scheme 1-40. Rh-catalyzed annulation for the synthesis of 3-aminoindolines.
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1) t-BuONa (3 equiv) Me. -8Bz
DMF, 0.5 h
iy N Ph\(ls? I\'{/lle 2) ZnCI2 (2 equiv), 1h R{/\(\g
T 29N - NS o |
LA~ O”""0" "Bz 3)2a (1.5 equiv), 60 °C Z =N
H 2a H
25 examples
(33-91%)
M Me Me\ Me\
F " O-Bz ‘N-Bz N-Bz N-Bz
Cl MeO
A\ A\ A A\
N i HoooE ;
51% 55% 87% 44%
Bn, Me_ Me, j
N—BZ N—BOC N
Me
N N N
H H H
80% 83% 32%

Scheme 1-41. Direct amidation of indoles at the C3 position.

In 2017, Streuff et al’” demonstrated an efficient Ti-catalyzed intramolecular
cyclization to synthesize unprotected 3-aminoindoles, 3-aminopyrroles, and 3-
iminoindolines (Scheme 1-42). The reaction tolerated a wide substrate scope, and easy to

install diverse nitrogen protecting groups.

In 2018, Wu er alP® described a novel methodology to synthesize 2-acyl-3-
aminoindoles from methyl ketones and 2-aminobenzonitriles, using NaHSnH,O as an
umpolung reagent (Scheme 1-43). This process tolerated an extensive substrate scope and

furnished good isolated yields.
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Cp,TiCl, (5 mol%)
NH,

N Mn (2 equiv)

Z .

Z TMSCI (1 equiv

i A H (1 equiv) : == R1I_(/\E\$7R2
R Et;N-HCI (2 equiv) A~N

Yy,
R THF, 35°C, 24 h H
22 examples
(45-95%)
NH, NH, F NHAc O
() Oy »
N N N
H H H
78% 76% 45%
NH, NH, NH,
N N N
H H H
64% 87% 92%

Scheme 1-42. Ti-catalyzed intramolecular cyclization synthesis of 3-aminoindolines.

NH,
N 0
e Are Me l,, NaHSnH,0 RN
R Y DMsO. 100°C . ~ZN A
NH, O ’ H
29 examples
(52-81%)
NH, NH, N NH,
F 0 0 0
o o o
N N N
O WSO O
59% 54% 56%
Br NH, NH,
NH2 O MeO (0]
SOV S RS e
N N MeO N
: OO
H Q 57% 52%
72% SO,Me SO,Me

Scheme 1-43. NaHS nH,0-induced synthesis of 2-acyl-3-aminoindoles.
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Ts NiCl,(dppp) (10 mol%) NH,
N Zn(OTf), (1 i N-Ar
R'_\ \ . Are n(OTf), (1 equiv) . R:—\ N\ y
L g R’ NH; Zn (1 equiv) Z~N R
SN dioxane, 80 °C, 12 h H
28 examples
(31-81%)
NH, NH, NH,
N F N@—F NOF
OO o O
N N N
" O " O T O
58% 68% 39% o
F
F
NH, NH, NH,
N F N N‘@*@U
O o0 ol
N Me N N
” " O " O
21% 50% 81%

Scheme 1-44. Ni/Zn-catalyzed annulation route to 3-aminoindolines.

In 2021, Liu e al.”” reported an attractive and efficient methodology for the synthesis
of 3-aminoindoles and 4-aminoisoquinoline derivatives, employing a Ni and Lewis acid
dual catalyst (Scheme 1-44), with the help of a tosylate group on the ynamide to afford the
alkenyl Ni complex with high regioselectivity. This protocol tolerated a wide substrate

scope and provided good to excellent isolated yields.
1.4 Conclusion and Perspective

Polyfluoroarenes have attracted much attention because of their crucial role in
pharmaceuticals, agrochemicals, and advanced materials. Exploring efficient
methodologies to incorporate fluorine or fluorinated units into organic molecules is highly
desirable. Among numerous methodologies, fluorine-containing boron compounds have
gained much more attention, as the boron moiety is especially useful in many cross-
couplings, such as the Suzuki-Miyaura and Chan-Evans-Lam reactions. It can be expected
that many new and efficient methodologies to construct fluorinated organic molecules will

be developed in the coming years.
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2 Copper-Catalyzed Oxidative Cross-Coupling of Electron-

Deficient Polyfluorophenylboronate Esters with Terminal

Alkynes

2.1 Abstract

We report herein a mild procedure for the copper-catalyzed oxidative cross-coupling of
electron-deficient polyfluorophenylboronate esters with terminal alkynes. This method
displays good functional group tolerance and broad substrate scope, generating cross-
coupled alkynyl(fluoro)arene products in moderate to excellent yields. Thus, it represents

a simple and alternative to the conventional Sonogashira reaction.
2.2 Introduction

Functionalized aryl and heteroaryl alkynes are powerful building blocks in chemical
synthesis because of their versatility to be transformed into various useful molecules and
also their ubiquity in natural product synthesis, pharmaceuticals, and advanced
materials.!"! Consequently, much effort has been expended to develop efficient methods to
install various alkynyl groups. Some of the strategies which have been established include:
(1) Sonogashira palladium/copper-catalyzed sp*-sp cross-coupling of aryl halides with
terminal alkynes;'*! (2) direct alkynylation of unreactive alkyl and aryl C-H bonds with
prefunctionalized alkynating reagents such as alkynyl halides” and hypervalent iodine
reagents;*! (3) alkynylation of tetra- and penta-fluoroarenes and heteroarenes via C-H
bond activation;"® and (4) cross-coupling of copper(I) acetylides with aryl halides,
known as the Castro—Stephens reaction.[”*?] However, some drawbacks remain, such as
the use of precious metal catalysts including those of Pd,'” Rh,*>M and Ay,Hed strategies
that depend on the use of alkynyl halides or hypervalent iodine reagents, which are less
readily available than the corresponding terminal alkynes, and the fact that copper(I)

acetylides can be heat and shock sensitive when isolated.

It 1s generally acknowledged that polyfluoroarenes are important fluorinated aromatic
cores and key structural units for various organic molecules, such as pharmaceuticals,

agrochemicals and organic materials.'"” The development of efficient methods to
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introduce fluorine or fluorinated building blocks into organic molecules has been the
subject of intense research. Under certain conditions, Sonogashira cross-couplings

(Mal 4nd side

involving highly fluorinated aryl halides can be problematic, giving low yields
reactions, i.e., hydrodehalogenation accompanied by homocoupling of the terminal
alkyne.[“b] The latter problem seems to arise from the slow reductive elimination of the
fluoroaryl alkyne from Pd(II), which leads to competing reverse transmetallation
processes, i.e., transfer of aryl groups from Pd to Cu in exchange for a second alkynyl
moiety being transferred from Cu to Pd. Thus, an alternative approach would be useful. In
2010, Su and co-workers demonstrated the direct functionalization of polyfluoroarene C-H
bonds with terminal alkynes, which has proven to be a viable method to generate the
corresponding alkynylated products (Scheme 2-1a),"'? but this reaction is limited to C¢FsH
or 4-RC¢F4H substrates. Soon after, the oxidative alkynylation of azoles containing acidic
C-H bonds with terminal alkynes was reported by the groups of Miura,'*! Chang,!"¥ and
others.!"”! Recently, Su and co-workers reported a palladium-catalyzed alkynylation of

161" Although these achievements

heterocyclic substrates such as thiophenes and furans.
were promising, they were restricted by elevated temperatures (>90 °C) and limited
substrate scope. In 2003, the palladium-catalyzed oxidative cross-coupling of terminal
alkynes with arylboronic acids was first disclosed by Zou and co-workers (Scheme 2-
16).'" In the past few years, various modifications of this Pd-catalyzed reaction have been
developed.[lg] However, palladium is costly and only a few electron-withdrawing
substituents on the aromatic ring of arylboronic acids were employed. Recently, Cheng et
al. disclosed a copper-catalyzed oxidative coupling of arylboronic acids with terminal
alkynes.!'”) However, the reported method suffers from some disadvantages including high
reaction temperature, long reaction time (36 h), and only moderate yields. From a

synthetic point of view, the development of an improved procedure, employing an

inexpensive catalyst for widespread application, has remained a highly desirable goal.

We reported the C-F borylation of fluoroarenes using a NHC (N-heterocyclic carbene)-
ligated Ni complex as a catalyst to generate fluorinated arylboronic acid pinacol esters
(ArgBpin) in good to excellent yields.”™ Very recently, we reported optimized
conditions for the Suzuki-Miyaura cross-coupling of ArgBpin with aryl iodides and
bromides using a combination of Cul and phenanthroline as a catalyst precursor to

[20c

generate cross-coupled products in moderate to excellent yields.**) We have recently
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reported the palladium-catalyzed homocoupling of fluorinated arylboronates,md]

and the
borylation of aryl chlorides, using NHC-stabilized nickel(0) complexes® or a readily
prepared NHC-stabilized Cu catalyst.**? Inspired by these results, we attempted to
develop a Cu-catalyst system for the oxidative cross-coupling of ArgBpin compounds with

terminal alkynes.

Scheme 2-1. Selected Oxidative Cross-Coupling Reactions of Alkynes

a) Polyfluoroarenes with terminal alkynes!'?]

R F F F
[Cu], ligand, base
R H + H—Ar ——Ar
additive, solvent, O,
F F 40°C,12h F F

b) Arylboronic acids with terminal alkynes[”’lg]

[Pd], base, oxidant
R-B(OH), + H——R » R'———R

¢) This work: Polyfluorophenylboronate esters with terminal alkynes

FnG [Cu], ligand, base Fol—
Bpin + H—-UR ——R
\ additive, oxidant \_ 7/

n=1,2,3,4,5

moderate to excellent yields

mild reaction conditions

high functionality tolerance

wide substrate scope

simple terminal alkyne as coupling partner
inexpensive reaction system

2.3 Result and Discussion
2.3.1 Optimization of Reaction Conditions

We initially investigated the cross-coupling reaction with model substrates

pentafluorophenyl-Bpin (2-1a) and phenylacetylene (2-2a), using Ag,O as the oxidant and
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phenanthroline (Phen) as the ligand. During our initial experiments, no reaction occurred
when CuBr, was employed as the metal source, with tBuOLi as the base in DMF solution
(Table 2-1, entry 1). However, employing CuCl as catalyst precursor gave rise to
compound 2-3a in 10% yield (Table 2-1, entry 2). The introduction of Cu(OAc), as the
catalyst precursor improved the yield to 18% (Table 2-1, entry 3). However, large amounts
of diyne byproduct 2-4 and perfluorobiphenyl compound 2-§5 were produced. We
speculated that strong bases, such as BuOLi, might accelerate the formation of 2-5.
Under otherwise identical conditions, replacing the strong base with K;PO, effectively
inhibited the homocoupling of pentafluorophenylBpin (Table 2-1, entry 4). To our
surprise, the addition of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) significantly
improved the yield to 58% and suppressed the formation of 2-4 (Table 2-1, entry 5). It is
possible that DDQ serves as an electron-transfer mediator.!"**"! To optimize the reaction
performance, we screened the reaction parameters, including the base and the solvent. Of
the bases examined, K,CO; proved to be the most effective (entry 7). Both KF and
Cs,CO; gave significantly lower yields (entries 6 and 8). In addition, reaction optimization
also revealed that the solvent had a significant impact on this reaction. Lower yields were
observed when reactions were performed in other solvents such as 1,2-dichloroethane
(DCE), CHs;CN, THF, DMSO, MTBE, and toluene (entries 9-14). Notably, the
replacement of Ag,O with O, failed to give any desired product (entry 17), indicating the
unique roles of Ag,O in promoting this reaction. Attempts to run the reaction in air
resulted in a very low yield of the desired product (entry 15). Reducing the amount of

K,COj; and Ag,0O also diminished the yield (Table 2-1, entries 18 and 19).
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Table 2-1. Optimization of Reaction Conditions®

R F R F

E Boin + H—=—pn [Cu], Phen, base . — — .,
P T additive, Ag,0, solvent N\ 7/ — *Ph™="73 * CeFs—CsFs
E E 40°C,12h F F
2-1a 2-2a 2-3a 2-4 2-5
[Cu] Base Additive Yield(%)™
Entry Solvent

(15mol%)  (2equiv) (40 mol%) 2-3a 2-4 2-5
1 CuBr, BuOLi - DMF 0 65 36
2 CuCl BuOLi - DMF 10 55 35
3 Cu(OAc), BuOLi - DMF 18 60 35
4 Cu(OAc), K5PO, - DMF 35 52 8
5 Cu(OAc), K5PO, DDQ DMF 58 5 8
6 Cu(OAc), Cs,CO; DDQ DMF 11 25 25
7 Cu(OAc), K,CO; DDQ DMF 82 3 4
8 Cu(OAc), KF DDQ DMF 15 10 45
9 Cu(OAc), K,CO; DDQ MTBE 0 5 35
10 Cu(OAc), K,CO; DDQ DCE 0 5 0
11 Cu(OAc), K,COs DDQ toluene 0 10 10
12 Cu(OAc), K,CO; DDQ DMSO 25 15 20
13 Cu(OAc), K,CO; DDQ CH;CN 10 15 10
14 Cu(OAc), K,CO; DDQ THF 5 10 15
15tk Cu(OAc), K,CO; DDQ DMF 5 5 40
161 Cu(OAc), K,CO; DDQ DMF 5 10 35
177 Cu(OAc), K,CO; DDQ DMF 0 6 10
18! Cu(OAc), K,CO, DDQ DMF 35 5 30
19 Cu(OAc), K,CO; DDQ DMF 25 28 30

[a] Reaction conditions: 2-la (0.4 mmol), 2-2a (0.45 mmol), Cu(OAc), (15 mol%),
phenanthroline (Phen, 15 mol%), Ag,O (1.8 equiv), DDQ (40 mol%), base (2.0 equiv),
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anhydrous and degassed solvent (5 mL). The mixture was stirred at 40 °C under argon, in a
sealed tube for 12 h. [b] 2-3a: isolated yield, 2-4: isolated yield, 2-5: the yields were
determined by GC-MS analysis vs. a calibrated internal standard (n-dodecane) and are
averages of two runs; [c] The reaction was performed in air. [d] Room temperature. [e] In the
absence of Ag,0O. [f] Under O, [g] Ag,O (1.2 equiv.). [h] Base (1.0 equiv.).

2.3.2 Investigation of Reaction Scope

With the optimized conditions in hand, we focused our attention on investigating the
scope and limitations of the oxidative cross-coupling reaction. As shown in Scheme 2-2,
various fluorophenylboronate esters 2-1 containing 1-4 fluorine atoms were tested. Under
the standard conditions (Table 2-1, entry 7), different tetrafluorophenylboronate esters and
trifluorophenylboronate esters smoothly underwent alkynylation, giving good to excellent
yields (Scheme 2-2, 2-3b-3f). However, these reaction conditions were not suitable for
ArpBpin substrates containing di- or mono-fluorinated arylboronates, such as 2,5- or 2,3-
difluorophenyl-Bpin (2-1g and 2-1i) and 3-fluorophenyl-Bpin (2-1h), perhaps due to the
lower Lewis acidity of the boronates, which is impacted by the number fluorine and,
especially, ortho-fluorine substituents. We speculated that increasing the temperature
might be crucial for overcoming the barrier to C-B bond activation and thus to obtain
efficient catalysis. When reactions were performed at 80 °C, the corresponding products 2-
3g and 2-3i were formed in good yields. It also noteworthy that replacement of the weak

base with a stronger base afforded the corresponding product in good yield (2-3h).

Scheme 2-2. Scope of the Reaction with Respect to the Different Polyfluorophenyl

Boronate Substrates 2-1 [

Fol— Cu(OAc),, Phen, K,COg4 Fol=
QBpin + H——=——FPh - \ )= Ph
DDQ, Ag,0, DMF
40°C,12 h
2-1 2-2a 2-3

46



Chapter 2

R F R F
FH: FH:
F F F

2-3a: 82%!°

2-3b: 92%

R F F
FH: FH:
F F

2-3d: 70%

2-3e: 72%

2-3g: 80%!!

2-3h: 85%ldel

2-3c: 83%
R F
F F
2-3f: 86%
R F

2-3i:65%!]

[a] Reaction conditions: 2-1 (0.4 mmol), 2-2a (0.45 mmol), Cu(OAc), (15 mol %), Phen (15
mol %), Ag,O (1.2 equiv.), DDQ (40 mol %), K,CO; (2.0 equiv.), DMF (4 mL), 40 °C, 12 h,
Argon. [b] 2-3: isolated yield. [c] Ag,O (1.8 equiv.). [d] 80 °C. [e] /BuOLi.

Scheme 2-3. Scope of the Reaction with Respect to the Different Terminal Alkyne

Substrates 2-2®

F F

F Bpin + H
F F
2-1a

Cu(OAc),, Phen, K,CO3

DDQ, Ag,0, DMF
40°C,12 h
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F F
=Oron < p=iOroen
F F
2-6a: 86% 2-6b:81% 2-6¢: 78%
F F Cl F F Br R F
FH: FH: =AU
F F F F F F
2-6d: 76% 2-6e: 68% 2-6f: 60%
F F F F F F
FF i W o S
F F F F F F
2-69: 65% 2-6h: 85% 2-6i: 77%
F F R F FsC
)= )=
F F F F
2-6j: 45%!] 2-6k: 80% 2-61: 48%
F F E E R F
=0 = = O
F F F F F F
2-6m: 50% ND ND

[a] Reaction conditions: 2-1a (0.4 mmol), 2-2 (0.45 mmol), Cu(OAc);, (15 mol %), Phen (15 mol %),
Ag)0 (1.8 equiv), DDQ (40 mol %), K,CO; (2.0 equiv.), DMF (4 mL), 40 °C, 12 h, Argon. [b] 2-6:
isolated yield. [c] 24 h.

The substituents of alkynes 2-2 were then varied, in order to further explore the scope of
the reaction. As shown in Scheme 2-3, a series of alkynes 2-2 with different electron-
withdrawing and electron-donating substituents on the aromatic ring were subjected to the

optimal conditions. The experimental results showed that a broad range of substituents on
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the arylalkynes 2-2, including methyl, methoxy, chloro, bromo, and fluoro groups at the
ortho-, meta-, and para-positions of the aromatic ring were well tolerated, providing the
desired compounds in moderate to excellent yields (Scheme 2-3, 2-6a-6h). Furthermore,
the structures of compounds 2-6a and 2-6g were unambiguously confirmed via single
crystal X-ray diffraction (vide infra). An ester group, which may not be tolerated in
reactions employing organozinc reagents, is also compatible with this reaction (2-6i).
Importantly, aliphatic alkynes proceeded to give the desired products in moderate to good
yields (2-6j and 2-6k). With a highly electron-withdrawing CFs-substituent, only moderate
yields were observed (2-61 and 2-6m). Unfortunately, less reactive 4-nitro-phenyl and 4-

cyano-phenyl alkynes were not suitable for the reaction under the standard conditions.
2.3.3 Gram Scale Reaction

To examine the feasibility of scaling up the reaction, a gram-scale coupling of CeFs-
Bpin with phenylacetylene was employed (Scheme 2-4). The desired coupling product

was obtained with minimal loss of yield (72%).

F F F F
F Bpin + H—=——Ph standard F — ph
conditions
F F FF
2-1a: 4 mmol 2-2a: 4.5 mmol 2-3a:0.772 g
72%

Scheme 2-4. Gram scale reaction.

2.3.4 Plausible mechanism

Based on previous reports, !

and the aforementioned observations, a plausible
catalytic cycle for our oxidative cross-coupling reaction is shown in Scheme 2-5. The first
step would involve the addition of alkynyl anion leading to the formation of
alkynylcopper(Il) species 2-B. Subsequent transmetalation between ArgBpin and
intermediate 2-B occurs to form intermediate 2-C. The desired product 2-3a would be
generated by C-C reductive elimination. Finally, the oxidation of Cu(0) species with DDQ
and Ag,0 regenerates 2-A to complete the catalytic cycle.
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R———H
+
o} L,Cu'"X, base
H,0 + 2Ag" NC cl 2-A
NC Cl R
0 /
1
LnCu\X
OH 2-B
NC Cl .
Arg-Bpin
Agzo _ R +
NC Cl / base
OH LaCu'{_
2.c ATF (base)Bpin
R—— Ar,:

Scheme 2-5: Proposed Mechanism

2.3.5 Molecular and Crystal Structures: Intermolecular n---w Stacking Interactions

The crystal structures of the cross-coupling products 2-6a and 2-6g were analyzed
using single-crystal X-ray diffraction. The molecular geometries of these compounds in
their crystal structures are shown in Figure 2-1. The central C=C bond lengths are 1.195(2)
and 1.1996(6) A (Table 2-2) and, hence, typical of C=C triple bonds (1.192 A).*! The sp-
sp> C—C single bonds between the alkyne and the fully fluorinated phenyl rings are
slightly shorter (1.4265(7) and 1.427(2) A) than the corresponding bonds to the mesityl
ring of 2-6a (1.4350(7) A) or the para mono-fluorinated phenyl ring of 2-6g (1.437(2) A).
The sp-sp> C—C bonds to tetra- or penta-fluorinated phenyl rings are also shorter than

those to the fully or mostly hydrogen-containing phenyl rings of mixed compounds in

[24] [25]

other partially fluorinated tolans, rod-like 1,4-bis(phenylethynyl)benzenes, and
phenyl and perfluorophenyl end-capped polyynes.!*®! The shortening is due to the strong
electron-withdrawing nature of the fluorine atoms, and the length difference is also
observed in the co-crystals of fully hydrogen-containing and fully fluorinated tolans,**
rod-like 1,4-bis(phenylethynyl)benzenes,””! and phenyl end-capped polyynes.”®! The
molecules of 2-6a and 2-6g are nearly planar with a very small twist between the aryl
moieties (2.959(3) and 3.04(5)°, Table 2-2). A small twist angle of between 0 and 6° is
also typical of the hydrogenated and fluorinated tolans, rod-like 1,4-

[24-27

bis(phenylethynyl)benzenes, and phenyl endcapped polyynes. I Larger twist angles
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were reported for compounds related to 2-6g in which the fluorine atom at the para-
position of the phenyl ring is substituted by iodine (9.4(2)°), bromine (15.69(8)°), and NO,
(9.90(7)°).12*1 This may be related to the prevalence of different intermolecular interactions

in these compounds (see below).

Figure 2-1. Solid-state molecular structures of 2-6a and 2-6g determined by single-crystal X-ray
diffraction at 100 K. Ellipsoids are drawn at the 50% probability level, and H atoms are omitted

for clarity. Colors: white (carbon), green (fluorine).
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Table 2-2. Selected bond lengths (A) and angles (9 of 2-6a and 2-6g, and 7 stacking
distances (A).

2-6a 2-69

C=C triple bond 1.1996(6) 1.195(2)

Canyir——Crriple 1.4350(7) 1.437(2)

CAryI(F)_CtripIe 14265(7) 1427(2)

Z Aryl(F)-Aryl(H/F) 2.959(3) 3.04(5)

3.586(3) 3.705(3)

centroid-centroid distance

3.629(3) 3.913(3)

3.361(3) / 3.424(3) 3.349(2) / 3.415(2)
interplanar separation
3.325(3) / 3.376(3) 3.379(2) 1 3.438(2)
1.248(3) / 1.064(2) 1.586(3) / 1.439(3)
offset shiftl®!

1.455(2) / 1.332(2) 1.975(3) / 1.868(3)

[a] The offset shift, also called inter-centroid shift, is the distance within a plane of an aryl ring
between the centroid of the respective aryl ring and the intersection point with the normal to the
plane through the centroid of the other aryl ring.

In compounds 2-6a and 2-6g, the nearly planar molecules are related by inversion
symmetry and are oriented offset face-to-face in a head-to-tail fashion forming infinite -
stacks (Figure 2-2). The interplanar separations between the aromatic rings (3.325(3) —
3.438(2) A, Table 2-2) are in the normal range of m-n stacking interactions, which are
typical of molecules for which the packing is dominated by arene-perfluoroarene
interactions. The differences in electronegativity of hydrogen and fluorine atoms with
respect to the carbon atoms leads to the formation of opposite multipoles for fully
fluorinated and nonfluorinated aryl groups and, hence, to attractive multipole forces

(%] Head-to-tail stacking via arene-perfluoroarene interactions,

between these groups.
analogously to that observed in 2-6a and 2-6g, is commonly found in self-complementary
compounds that contain both fluorinated and nonfluorinated aryl groups. Examples are

partially fluorinated tolans®” and phenyl-endcapped polyynes,'*®! but also co-crystals of
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bis(phenylethynyl)benzenes with inversely alternating fluorinated and nonfluorinated

(231 We conclude that methylation at the 2-, 4-, and 6-positions of the phenyl

phenyl rings.
ring in 2-6a does not alter this common stacking motif and, hence, the influence of arene-
perfluoroarene interaction on the molecular packing. Arene-perfluoroarene n-stacking was
also observed in the 1:1 co-crystal of mesitylene and hexafluorobenzene.”” Weak
intermolecular C-H---F, C---F, and F---F interactions exist between adjacent stacks in 2-6a
and 2-6g (Figure 2-2, Table 2-4). Mono-fluorination at the para-position of the phenyl ring
in 2-6g does not have a significant influence on the arene-perfluoroarene packing, which is
very similar to that of 1-pentafluorophenyl-2-phenylacetylene.**! This was expected as the
mono-chlorination of partially fluorinated tolan at the same para position did not alter the

f [283.

packing motif.?**! The effect of halogenation with chlorine, bromine, and iodine atoms at

the para-positions of partially fluorinated tolans on the presence of arene-perfluoroarene

[28a] revealed the absence of arene-

interaction, studied earlier by Marder and co-workers,
perfluoroarene stacking only for the compounds substituted with the heavier halogens (Br,
I). This was explained by the prevalence of Br---Br and I---I interactions determining the

28] Also note the larger twist angle between the phenyl rings in

packing of the molecules.|
these compounds (15.69(8) and 9.4(2)°) when compared to those in arene-perfluoroarene
n-stacked tolans (see discussion above). Similarly, the substitution of other strong
electron-withdrawing groups such as NO, and CN at the para-position of the phenyl ring
in partially fluorinated tolans showed the prevalence of O---O and C—H:-*N interactions

. . . . 2
and the absence of arene-perfluoroarene interactions in their crystal structures.!?*"!
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Figure 2-2. Crystal structures of (left) 2-6a and (right) 2-6g projected along (top) the stacking
direction of the molecules, and (bottom) the b and a axis, respectively, at 100 K. Molecules are -
stacked along the « axis (2-6a) and the b axis (2-6g), respectively, in alternating orientations. Four
unit cells are shown in each projection. All ellipsoids are drawn at the 50% probability level, and H
atoms are omitted for clarity. Colors: white (carbon), green (fluorine). Red dotted lines represent

intermolecular contacts which are shorter than the sum of the Van der Waals radii.

2.4 Conclusions

In conclusion, we have developed a copper-catalyzed method for the direct
alkynylation of electron-deficient polyfluorophenylboronate esters with terminal alkynes.
This reaction features broad functional group tolerance, mild reaction conditions, and
simple operation. From a synthetic point of view, the present reaction has the potential to
be applied widely in organic synthesis, because many shelf-stable aryl and alkyl boronate
esters are commercially available. The partially fluorinated tolans also display interesting
fluoroarene-arene m-stacking interactions in the solid-state, as demonstrated by single-

crystal X-ray diffraction in two cases.
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2.5 Detailed Experiments and Characterization Data

2.5.1 General Information

NMR spectra were recorded on a Bruker AC-500 spectrometer (500 MHz for *H
NMR, 125 MHz for *C{*H} NMR, and 470 MHz for °F NMR) with CDCl; as the
solvent. Chemical shifts (d) are given in ppm and 'H NMR spectra were referenced via
residual proton resonances of CDCl; (7.26 ppm), “*C{*H} spectra were referenced to
CDCl; (77.16 ppm) and “°F spectra are referenced to external CFCls. The following
abbreviations are used to indicate multiplicities: s = singlet; d = doublet; t = triplet; q =
quartet; m = multiplet. GCMS analyses were performed on an Agilent Technologies
GCMS system (GC 7890A, EI-MS 5975C). HRMS were recorded using a Thermo
Scientific Exactive Plus Orbitrap MS system with either an HESI source with an aux-gas
temperature of 50 <C or an APCI source with a corona needle with an aux-gas temperature
of 400 <C. Chemical yields refer to pure, isolated products. Automated flash
chromatography was performed on silica gel (Biotage SNAP catridge KP-Sil), obtained
from Biotage, using a Biotage® Isolera Four Flash system. Solvents were generally
removed using a rotary evaporator in vacuo at a maximum temperature of 55 <C. Unless
otherwise stated, all reagents were purchased from commercial sources and used without
further purification. B,pin, was kindly provided by AllyChem Co. Ltd. (Dalian, China).
Infrared spectra were recorded on a Nicolet 380 FT-IR spectrometer as solids, using an
ATR unit, and are reported in cm™. Elemental analyses were performed on a LECO

CHNS-932 Elemental Analyzer in our institute.

2.5.2 Borylation of Polyfluoroarenes

In an argon filled glovebox, a solution of [Ir(COD)(OMe)], (0.5 mol%), 4,4’-di-tert-
butyl-2,2’-bipyridine (2 mol%), bis(pinacolato)diboron (B,pin;) (0.5 eq) and
polyfluoroarene (1 eq) in hexane (dry and degassed) was stirred at room temperature in a
sealed reaction vessel for 48 h.°!I The volatile materials were removed in vacuo to give the
crude product, together with unreacted starting material. The residue was then purified by
flash chromatography on silica gel, to provide the corresponding fluoroarylboronate ester

product.
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2.5.3 General Procedure

In an argon filled glovebox, a microwave reaction tube with a sealable crimp-cap
and equipped with a magnetic stir bar was charged with a polyfluorophenylboronate ester
2-1 (0.4 mmol), terminal alkynes 2-2 (0.45 mmol), Cu(OAc), (11 mg, 15 mol %), Phen
(11 mg, 15 mol %), DDQ (50 mg, 40 mol %), K,CO; (138 mg, 0.8 mmol), in DMF (3.0
mL, dried and degassed) and Ag,O (1.8/1.2 eq, 167 mg/111 mg) was added at room
temperature. The sealed reaction vessel was removed from the glovebox and placed in an
oil bath at 40 °C for 12 h. After the reaction was completed, it was cooled to room
temperature and monitored for completion by TLC. The resulting solution was poured into
saturated brine (5 mL) and then extracted with EtOAc (two times). The combined organic
layers were dried over anhydrous Na,SO4 and the solvents were removed in vacuo. The
residue was purified by flash chromatography on silica gel (eluant: n-pentane) to give the

desired product.

2.5.4 Characterization Data
F F

"~ )=
F F

(2-3a):"% 87.9 mg, 82% yield, white solid. "H NMR (500 MHz, CDCl;): & (ppm) = 7.59-
7.57 (dm, J = 7 Hz, 2H), 7.43-7.37 (m, 3H). *C{'H} NMR (125 MHz, CDCl3):  (ppm) =
147.1 (dm, Je.c = 250 Hz), 141.4 (dm, Jr.c = 250 Hz), 137.6 (dm, Jr.c = 250 Hz), 131.9,
129.6, 128.5, 121.6, 101.5 (m), 100.3 (tm, Jr.c = 18 Hz), 73.1 (m). "’F NMR (470 MHz,
CDCls): & (ppm) = -136.1 — -136.2 (m, 2F), -152.8 — -152.9 (m, 1F), -161.9 — -162.0 (m,
2F). HRMS (ESI): calcd. for C;4HsFs: 268.0306, found: 268.0295.

R F
)=
F
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(2-3b): 92 mg, 92% yield, white solid. IR (ATR[ecm™']) 2223 (vc=c). 'H NMR (500 MHz,
CDCls): & (ppm) = 7.56-7.54 (m, 2H), 7.41-7.36 (m, 3H), 7.16-7.10 (m, 1H). “C{'H}
NMR (125 MHz, CDCl3): é (ppm) = 148.2 (dm, Jr.c = 250 Hz), 146.9 (dm, Jg.c = 250
Hz), 141.9 (dm, Jr.c = 248 Hz), 141.8 (dm, Jr.c = 250 Hz), 131.8, 129.3, 128.5, 121.8,
114.2 (dd, Jr.c = 21 Hz, 4 Hz), 108.5 (m), 96.5 (m), 79.6 (m). ’F NMR (470 MHz,
CDCl3): 6 (ppm) = -135.2 — -135.3 (m, 1F), -139.3 — -139.4 (m, 1F), -153.7 — -153.8 (m,
1F), -1549 - -155.1 (m, 1F). HRMS (ESI): caled. for C;4Hg¢F4: 250.0400, found:
250.0396. Elemental analysis calcd for C14HeF4: C 67.21, H 2.24; found: C 67.47, H 2.49.

R F
)=

(2-3¢):**! 77 mg, 83% yield, white solid. "H NMR (500 MHz, CDCl;): & (ppm) = 7.57-
7.55 (m, 2H), 7.38-7.37 (m, 3H), 7.27-7.22 (m, 1H), 6.98-6.93 (m, 1H). “C{'H} NMR
(125 MHz, CDCl3): 6 (ppm) = 151.9 (ddd, Jg.c =250 Hz, 12 Hz, 4 Hz), 151.3 (ddd, Jp.c =
250 Hz, 10 Hz, 3 Hz), 140.2 (dt, Jr.c = 250 Hz, 15 Hz), 131.7, 129.0, 128.5, 127.0 (m),
122.3, 112.3 (dd, Jg.c = 19 Hz, 4 Hz), 109.8 (dd, Je.c = 13 Hz, 4 Hz), 95.3 (m), 80.5 (m).
F NMR (470 MHz, CDCl3): & (ppm) = -130.2 — -130.3 (m, 1F), -131.9 — -132.0 (m, 1F),
-159.5 — -159.6 (m, 1F). HRMS (ESI): caled. for C4H;F; [M+H] © 233.0573, found:
233.0562.

R F
~ =
F

(2-3d): 70 mg, 70% vyield, white solid. IR (ATR[cm™']) 2225 (vc=c). '"H NMR (500 MHz,
CDCl3): & (ppm) = 7.59-7.57 (m, 2H), 7.40-7.36 (m, 3H), 6.85-6.80 (m, 1H). *C{'H}
NMR (125 MHz, CDCl3): & (ppm) = 157.4 (dm, Jr.c = 250 Hz ), 151.7 (dm, Jr.c = 248
Hz ), 150.6 (dm, Jr.c = 250 Hz ), 137.3 (dm, Jr.c = 249 Hz ), 131.8, 129.3, 128.5, 121.9,
100.9 (td, Jr.c = 25 Hz, 4 Hz ), 100.2 (m), 74.2 (t, Jr.c = 3 Hz ). "’"F NMR (470 MHz,

CDCls): § (ppm) = -110.9 — -111.0 (m, 1F), -128.4 — -128.5 (m, 1F), -130.0 — -130.1 (m,
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1F), -164.3 — -164.4 (m, 1F). HRMS (ESI): caled. for C;4HgF4: 250.0400, found:
250.0396. Elemental analysis calcd for C4HgF4: C 67.21, H 2.24; found: C 67.55, H 2.41.

F
FH:
F

(2-3e): 66.8 mg, 72% yield, white solid. IR (ATR[cm™']) 2223 (vc=c). 'H NMR (500 MHz,
CDCls): & (ppm) = 7.58-7.56 (m, 2H), 7.38-7.32 (m, 3H), 6.74-6.71 (m, 2H). “C{'H}
NMR (125 MHz, CDCls): & (ppm) = 163.2 (dm, Jp.c = 250 Hz), 162.2 (dm, Jr.c = 250
Hz), 131.7, 128.9, 128.4, 122.4, 100.5 (m), 98.8, 75.1. '’F NMR (470 MHz, CDCL;): &
(ppm) = -104.3 — -104.4 (m, 2F), -105.2 — -105.3 (m, 1F). HRMS (ESI): calcd. for
Ci4H7F5: 232.0494, found: 232.0490. Elemental analysis calcd for Ci4H7F5: C 72.42, H
3.04; found: C 72.71, H 3.24.

R F
F F

(2-3f): 86 mg, 86% yield, white solid. IR (ATR[cm™']) 2227 (ve=c). 'H NMR (500 MHz,
CDCl3): & (ppm) = 7.61-7.59 (m, 2H), 7.42-7.37 (m, 3H), 7.08-7.02 (m, 1H). *C{'H}
NMR (125 MHz, CDClj): & (ppm) = 146.6 (dm, Jr.c = 250 Hz), 145.8 (dm, Jr.c = 250
Hz), 131.9, 129.6, 128.5, 121.7, 106.1 (t, Je.c = 23 Hz), 105.5 (m), 101.8 (t, Jr.c = 4 Hz),
74.4 (t, Jr.c = 4 Hz). ”F NMR (470 MHz, CDCl3): & (ppm) = -136.6 — -136.7 (m, 2F), -
138.9 — -139.1 (m, 2F). HRMS (ESI): caled. for Ci4HeF4: 250.0400, found: 250.0396.
Elemental analysis calcd for C4HgF4: C 67.21, H 2.24; found: C 67.45, H 2.48.
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F

(2-3g): 68.6 mg, 80% yield, oil. '"H NMR (500 MHz, CDCls): & (ppm) = 7.57-7.54 (m,
2H), 7.38-7.35 (m, 3H), 7.22-7.19 (m, 1H), 7.08-6.98 (m, 2H). “C{'H} NMR (125 MHz,
CDCls): & (ppm) = 158.8 (dd, Jr.c = 248 Hz, 3 Hz), 158.1 (dd, Je.c =250 Hz, 3 Hz), 132.5,
131.8, 129.2, 128.9, 128.5, 122.4, 119.4 (dd, Jr.c = 25 Hz, 2 Hz) , 116.5 (m), 113.1 (m),
95.3 (d, Jr.c =4 Hz), 81.6 (d, Jr.c = 3 Hz), 73.9. "’F NMR (470 MHz, CDCl3): & (ppm) = -
115.9 — -116.0 (m, 1F), -118.9 — -119.0 (m, 1F). HRMS (ESI): calcd. for C4HgF, [M+H] ©
215.0667, found: 215.0662.

(2-3h):2* 66.7 mg, 85% vyield, oil. '"H NMR (500 MHz, CDCL): & (ppm) = 7.56-7.54 (m,
2H), 7.37-7.36 (m, 3H), 7.32-7.30 (m, 2H), 7.25-7.23 (m, 1H), 7.07-7.03 (m, 1H). *C{'H}
NMR (125 MHz, CDCl;): & (ppm) = 162.4 (d, Jr.c = 250 Hz), 131.7, 129.9 (d, Jp.c = 9
Hz), 128.6, 128.4, 127.5 (d, Jr.c = 3 Hz), 125.2 (d, Jr.c = 10 Hz), 122.8, 118.4 (d, Jr.c = 22
Hz), 115.6 (d, Jr.c = 21 Hz), 90.3, 88.1 (d, Jr.c = 4 Hz). ’F NMR (470 MHz, CDCl;): &
(ppm) = -112.9 — -113.0 (m, 1F). HRMS (ESI): calcd. for C4HoF 196.0688, found:
196.0673.

R F

(2-3i): 55.6 mg, 65% yield, oil. 'H NMR (500 MHz, CDCl;): & (ppm) = 7.58-7.56 (m,
2H), 7.38-7.35 (m, 3H), 7.29-7.26 (m, 1H), 7.17-7.12 (m, 1H), 7.08-7.03 (m, 1H). *C{'H}
NMR (125 MHz, CDCl5): & (ppm) = 150.9 (dd, Je.c = 249 Hz, 14 Hz), 150.6 (dd, Je.c =
250 Hz, 12 Hz), 132.5, 131.8, 128.9, 128.4, 128.2 (d, Jr.c = 3 Hz), 123.9 (dd, Jr.c = 12 Hz,
3 Hz), 117.4 (d, Jr.c = 17 Hz), 114.2 (dd, Jy.c = 13 Hz, 2 Hz), 95.6 (d, Jr.c = 4 Hz), 81.6.
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'°F NMR (470 MHz, CDCls): § (ppm) = -134.9 — -135.0 (m, 1F), -137.5 — -137.6 (m, 1F).
HRMS (ESI): caled. for C14HsF, [M+H] *215.0667, found: 215.0662.

(2-6a): 106.6 mg, 86% yield, white solid. IR (ATR[cm™']) 2223 (vc=c). 'H NMR (500
MHz, CDCl3): & (ppm) = 6.92-6.91 (m, 2H), 2.47 (s, 6H), 2.31 (s, 3H). "C{'H} NMR
(125 MHz, CDCls): 6 (ppm) = 146.7 (dm, Jp.c = 250 Hz), 141.1 (dm, Jp.c = 251 Hz),
140.8, 139.5, 137.6 (dm, Jp.c = 252 Hz), 127.8, 118.5, 100.9 (tm, Jp.c = 18 Hz), 100.1 (m),
80.6 (m), 21.4, 20.7. "’F NMR (470 MHz, CDCls): & (ppm) = -136.6 — -136.7 (m, 2F), -
150.4 (t, Jr = 21 Hz, 1F), -162.3 — -162.4 (m, 2F). HRMS (ESI): calcd. for C,7H;Fs
[M+H] "311.0854, found: 311.0842. Elemental analysis calcd for C;7H;,Fs: C 65.81, H
3.57; found: C 65.98, H 3.72.

R F
= =)o
F F

(2-6b):"*1 91.4 mg, 81% yield, white solid. '"H NMR (500 MHz, CDCl3): & (ppm) = 7.48-
7.46 (m, 2H), 7.21-7.19 (m, 2H), 2.39 (s, 3H). *C{'H} NMR (125 MHz, CDCl5): & (ppm)
=147.1 (dm, Jr.c = 250 Hz), 141.3 (dm, Jr.c = 250 Hz), 140.1, 137.7 (dm, Jr.c = 250 Hz),
131.8, 129.3, 118.5, 101.9 (m), 100.6 (tm, Jic = 18 Hz), 72.5 (m), 21.6. '’F NMR (470
MHz, CDCls): & (ppm) = -136.2 — -136.3 (m, 2F), -153.3 (t, J; = 21 Hz, 1F), -162.0 — -
162.1 (m, 2F). HRMS (ESI): calcd. for C;sH7Fs [M+H] " 283.0541, found: 283.0526.
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(2-6¢):°°1 92.9 mg, 78% yield, white solid. '"H NMR (500 MHz, CDCls): & (ppm) = 7.53-
7.50 (m, 2H), 6.92-6.89 (m, 2H), 3.85 (s, 3H). "C{'H} NMR (125 MHz, CDCl;): & (ppm)
=160.7, 147.1 (dm, Jr.c = 252 Hz), 141.1 (dm, Jr.c = 250 Hz), 137.7 (dm, Jr.c = 250 Hz),
133.5, 114.2, 113.6, 101.9 (m), 100.7 (tm, Je.c = 18 Hz), 72.0 (m), 55.4. ’F NMR (470
MHz, CDCl;): & (ppm) = -136.5 — -136.6 (m, 2F), -153.7 (t, Jr = 21 Hz, 1F), -162.1 — -
162.2 (m, 2F). HRMS (ESI): caled. for C;sH;FsO [M+H] * 299.0490, found: 299.0475.

R F cl
H =
F F

(2-6d):°! 91.8 mg, 76% yield, white solid. "H NMR (500 MHz, CDCl;): & (ppm) = 7.57-
7.56 (m, 1H), 7.47-7.45 (td, J = 8 Hz, 2 Hz, 1H), 7.41-7.39 (m, 1H), 7.34-7.31(m, 1H).
BC{'H} NMR (125 MHz, CDCLs): & (ppm) = 147.2 (dm, Jy.c = 250 Hz), 141.7 (dm, Jy.c =
250 Hz), 137.7 (dm, Jr.c = 250 Hz), 134.5, 131.7, 130.0, 129.9, 129.8, 123.2, 99.8 (m),
74.1 (m). ’F NMR (470 MHz, CDCL3): & (ppm) = -135.6 — -135.7 (m, 2F), -151.8 — -
151.9 (m, 1F), -161.5 — -161.6 (m, 2F). HRMS (ESI): calcd. for C4H4FsCl 301.9926,
found: 301.9905.

R F Br
H =
F F

(2-6e): 96.8 mg, 68% yield, white solid. IR (ATR[cm™']) 2234 (ve=c). '"H NMR (500 MHz,
CDCls): & (ppm) = 7.73 (t, J =2 Hz, 1H), 7.56-7.54 (m, 1H), 7.52-7.50 (td, J= 8 Hz, 2 Hz,
1H), 7.27 (t, J = 8 Hz, 1H). C{'H} NMR (125 MHz, CDCl3): § (ppm) = 147.2 (dm, Jr.c
= 249 Hz), 141.7 (dm, Jr.c = 251 Hz), 137.7 (dm, Jr.c = 251 Hz), 134.5, 132.8, 130.5,
129.5, 123.5, 122.4, 99.9 (m), 99.7 (m), 74.2 (m). '°’F NMR (470 MHz, CDCl;): & (ppm) =
-135.6 — -135.7 (m, 2F), -151.8 — -151.9 (m, 1F), -161.4 — -161.5 (m, 2F). HRMS (ESI):
calcd. for C14H4BrFs: 345.9411, found: 345.9407. Elemental analysis calcd for C;4H4BrFs:
C 48.45, H 1.16; found: C 48.62, H 1.36.
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R F
A=
FF

(2-6f): 72.5 mg, 60% yield, white solid. IR (ATR[cm™']) 2232 (vc=c). 'H NMR (500 MHz,
CDCls): & (ppm) = 7.52-7.50 (dm, J = 8 Hz, 2H), 7.38-7.36 (dm, J = 8 Hz, 2H). *C{'H}
NMR (125 MHz, CDCl3): 8 (ppm) = 147.2 (d, Jg-c = 250 Hz), 141.5 (d, Je.c = 252 Hz),
137.6 (dm, Je.c = 250 Hz), 135.9, 133.1, 128.9, 120.0, 100.3 (m), 100.0 (m), 74.1 (m). "°F
NMR (470 MHz, CDCls): 8 (ppm) = -135.8 — -135.9 (m, 2F), -152.1 — -152.2 (m, 1F), -
161.6 — -161.7 (m, 2F). HRMS (ESI): calcd. for C;4H4CIFs: 301.9916, found: 301.9907.
Elemental analysis calcd for C;4H4CIFs: C 55.56, H 1.33; found: C 55.72, H 1.49.

R F
FH:F
F F

(2-6g):" 74.4 mg, 65% yield, white solid. "H NMR (500 MHz, CDCl;): & (ppm) = 7.59-
7.55 (m, 2H), 7.11-7.07 (m, 2H). “C{'H} NMR (125 MHz, CDCl;): & (ppm) = 163.3 (d,
Jr.c = 250 Hz), 147.1 (dm, Jg.c = 250 Hz), 141.5 (dm, Jr.c = 252 Hz), 137.7 (dm, Je.c =
251 Hz), 133.9 (d, Je.c = 9 Hz), 117.6 (d, Jr.c = 7 Hz), 116.0 (d, Jr.c = 15 Hz), 100.3 (m),
72.9 (m). ’F NMR (470 MHz, CDCl;): & (ppm) = -108.3 — -108.4 (m, 1F), -136.0 — -
136.1 (m, 2F), -152.6 (t, Jy = 21 Hz, 1F), -161.7 — -161.8 (m, 2F). HRMS (ESI): calcd. for
C14H4Fs [M+H] * 287.0290, found: 287.0273.

R F
H =)=
F F

(2-6h):"1 117.6 mg, 85% yield, white solid. 'H NMR (500 MHz, CDCl3): & (ppm) = 7.55-
7.52 (dm, J = 8 Hz, 2H), 7.45-7.43 (dm, J =9 Hz, 2H). *C{'H} NMR (125 MHz, CDCl;):
8 (ppm) = 147.1 (dm, Jg.c = 250 Hz), 141.6 (dm, Jr.c = 251 Hz), 137.7 (dm, Je.c = 250
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Hz),133.3, 131.9, 124.2, 120.5,100.3 (m), 100.0 (tm, Jr.c = 17 Hz), 74.2 (m). YF NMR
(470 MHz, CDCls): 6 (ppm) = -135.8 — -135.9 (m, 2F), -152.1 — -152.2 (m, 1F), -161.6 —
-161.7 (m, 2F). HRMS (ESI): calcd. for C4H4FsBr 345.9411, found: 345.9403.

R F
FF

(2-6i):"% 100.4 mg, 77% yield, white solid. '"H NMR (500 MHz, CDCls): & (ppm) = 8.07-
8.05 (m, 2H), 7.65-7.63 (m, 2H), 3.94 (s, 3H). “C{'H} NMR (125 MHz, CDCl;): & (ppm)
=166.3, 147.2 (dm, Jr.c = 253 Hz), 141.7 (d, Jr.c = 250 Hz), 137.7 (dm, Je.c = 250 Hz),
131.8, 130.8, 129.6, 126.0, 100.4 (m), 99.8, 75.6, 52.4. ’F NMR (470 MHz, CDCls): &
(ppm) = -135.5 — -135.6 (m, 2F), -151.6 — -151.7 (m, 1F), -161.4 — -161.5 (m, 2F). HRMS
(ESI): caled. for C;¢H7Fs0, 326.0365, found: 326.0372.

R F
F—<§ §>—<:
F F

(2-6j): 91.8 mg, 76% yield, oil. 'H NMR (500 MHz, CDCl3): & (ppm) = 2.94-2.88 (m,
1H), 2.04-1.99 (m, 2H), 1.81-1.73 (m, 4H), 1.65-1.61(m, 2H). *C{'H} NMR (125 MHz,
CDCl3): & (ppm) = 147.3 (dm, Je.c = 251 Hz), 140.7 (dm, Je.c = 250 Hz), 137.6 (dm, Jp.c
= 248 Hz), 108.3 (m), 100.8 (m), 64.1 (m), 33.6, 30.9, 25.1. '°F NMR (470 MHz, CDCl5):
8 (ppm) = -137.2 — -137.3 (m, 2F), -154.7 (t, Jy = 21 Hz, 1F), -162.5 — -162.6 (m, 2F).
HRMS (ESI): caled. for C3HoFs [M-H] 259.0541, found: 259.0534.
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(2-6K): 94.7 mg, 80% yield, oil. '"H NMR (500 MHz, CDCls): & (ppm) = 7.34-7.31 (m,
2H), 7.28-7.23 (m, 3H), 2.96 (t, J = 7 Hz, 2H), 2.79 (t, J =7 Hz, 2H). “C{'H} NMR (125
MHz, CDCl3): 6 (ppm) = 147.5 (dm, Jg.c = 250 Hz), 141.0 (dm, Jp.c = 252 Hz), 137.6
(dm, Jr.c = 250 Hz) 139.9, 128.5, 128.4, 126.5, 102.9 (m), 100.4 (tm, Jg.c = 18 Hz), 65.4
(m), 34.5, 22.0. "’F NMR (470 MHz, CDCl3): & (ppm) = -136.9 — -137.0 (m, 2F), -154.1
(t, Js = 21 Hz, 1F), -162.3 — -162.4 (m, 2F). HRMS (ESI): calcd. for CsHoFs [M+H]"
297.0697, found: 297.0687

R F FsC
H =/
F F

(2-61): 64.5 mg, 48% yield, white solid. IR (ATR[cm']) 2234 (vc=c). 'H NMR (500 MHz,
CDCl3): & (ppm) = 7.73 (d, J = 8 Hz, 2H), 7.57 (t, J = 8 Hz, 1H), 7.52 (t, J = 8 Hz, 1H).
BC{'H} NMR (125 MHz, CDCl3): & (ppm) = 147.3 (dm, Jr.c = 250 Hz), 141.9 (dm, Jy.c =
249 Hz), 137.7 (dm, Jr.c = 251 Hz), 134.2, 132.0 (q, Jr.c = 31 Hz), 131.6, 129.4, 126.1 (q,
Jr.c = 5 Hz), 125.4 (q, Jr.c = 272 Hz), 122.2, 119.6, 97.0 (m), 78.4. "’F NMR (470 MHz,
CDCls): & (ppm) = -62.3 (s, 3F), -135.3 — -135.4 (m, 2F), -151.5 — -151.6 (m, 1F), -161.5
—-161.6 (m, 2F). HRMS (ESI): calcd. for C;sH4Fg: 336.0180, found: 336.0170. Elemental
analysis calcd for C;sHyFs: C 53.59, H 1.20; found: C 53.75, H 1.41.

R F
H =)
F F

(2-6m):**! 67.2 mg, 50% yield, white solid. '"H NMR (500 MHz, CDCls): & (ppm) = 7.72
(d, J = 8 Hz, 2H), 7.68 (d, J = 8 Hz, 2H) (2nd order AA'BB' spin system; values are
approximate). 13C{IH} NMR (125 MHz, CDCls): 6 (ppm) = 147.2 (dm, 'Jr.c = 251 Hz),
141.8 (dm, Jp.c = 251 Hz), 137.7 (dm, Jr.c = 250 Hz), 132.4, 132.2, 131.3 (q, Jrc = 33
Hz), 125.9 (q, Je.c = 273 Hz), 125.5 (q, Je.c = 4 Hz), 122.6, 99.7, 75.3 (m). '°’F NMR (470
MHz, CDCls): 8 (ppm) = -63.0 (t, Jr = 1 Hz, 3F), -135.4 — -135.5 (m, 2F), -151.3 — -151.4
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(m, 1F), -161.3 — -161.4 (m, 2F). HRMS (ESI): calcd. for C;sH4Fs: 336.0180, found:
336.0170.

2.5.5 Single-Crystal X-ray Diffraction Data

Crystal structure determination. Crystals suitable for single-crystal X-ray diffraction
were selected, coated in perfluoropolyether oil, and mounted on MiTeGen sample holders.
Diffraction data of 2-6a and 2-6g were collected on Bruker X8 Apex II 4-circle
diffractometers with CCD area detectors using Mo-K,, radiation monochromated by multi-
layer focusing mirrors. The crystals were cooled using an Oxford Cryostream low-
temperature device. Data were collected at 100 K. The images were processed and
corrected for Lorentz-polarization effects and absorption as implemented in the Bruker
software packages. The structures were solved using the intrinsic phasing method
(SHELXT),"® refined with the SHELXL program®’! using the SHELXLE graphical user

interface, [38]

and expanded using Fourier techniques. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in structure factors calculations. All
hydrogen atoms were assigned to idealised geometric positions. Diamond™" software was
used for graphical representation. Other structural information was extracted using
Mercury*” and OLEX2!"" software. Crystal data and experimental details are listed in
Table 2-S1; full structural information has been deposited with the Cambridge

Crystallographic Data Centre. CCDC-2000968 (2-6a) and 2000970 (2-6g).

Table 2-3: Single-crystal X-ray diffraction data and structure refinements of 2-6a and 2-
6g.

Data 2-6a 2-6g
CCDC number 2000968 2000970
Empirical formula Ci7H11F5 CuHJFs
Formula weight / g mol* 310.26 286.17
T/IK 100(2) 100(2)

Radiation, 1/ A

Mo-K, 0.71073

Mo-K, 0.71073
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Crystal size / mm3 0.83 x<0.26 x0.21 0.75 <0.26 x0.17
Crystal color, habit colorless block colorless plate
wl/mm* 0.133 0.166

Crystal system triclinic triclinic
Space group P1 P1

alA 7.187(6) 5.999(2)

b/ A 8.211(4) 7.593(5)

cl/A 12.336(7) 12.626(6)
al® 91.51(2) 83.49(2)

Bl° 99.48(3) 88.664(11)
yl° 104.99(4) 85.089(17)
Volume / A3 691.7(8) 569.3(5)

YA 2 2

peatc! g €M 1.490 1.669

F(000) 316 284

@range/ ° 2.575-26.512 2.999 - 26.477
Reflections collected 8583 8567

Unique reflections 2863 2359
Parameters / 202/0 181/0
restraints

GooF on F* 1.028 1.087

R; [I>26()] 0.0363 0.0352

wWR? (all data) 0.1058 0.1098

Max. / min. residual electron 0.286/-0.195 0.259/-0.224
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density /e A

Table 2-4: Intermolecular C—H---F, H---F, C--'F, and F---F interaction distances (A) and
angles (°) in compounds 2-6a and 2-6g at 100 K less than or equal to the sum of the Van

der Waals radii.

Compound C-H--'F H--F C/F--F Z(CHF)

CI15-H15--'F5 2.631(2) 3.536(3) 153.7(1)
C8---C8 3.359(3)

2-6a C5---Cl4 3.294(3)
Cl16---F2 3.159(2)
F3---F4 2.909(2)
CI1-H11---F4 2.6414(14)  3.496(2) 149.98(11)
C10-H10--'F5 2.5224(13)  3.316(2) 141.14(11)
C13-HI13--'F6 2.5886(15)  3.420(2) 146.39(10)
CI13-H13---F2 2.5426(13)  3.213(2) 127.74(11)
C3---Cl2 3.342(3)

2-6g
C6---C9 3.399(3)
C3--F5 3.1262(19)
C6:-F2 3.1440(19)
F2---F5 2.9205(17)
F3---F4 2.8556(18)
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Figure 2-S1. The solid-state molecular structure of 2-6a determined by single-crystal X-ray
diffraction at 100 K. All ellipsoids are drawn at the 50% probability level, and H atoms are omitted
for clarity.

Figure 2-S2. The solid-state molecular structure of 2-6g determined by single-crystal X-ray
diffraction at 100 K. All ellipsoids are drawn at the 50% probability level, and H atoms are omitted

for clarity.
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3 Transition Metal Catalyst-Free, Base-Promoted 1,2-Additions
of Polyfluorophenylboronates to Aldehydes and Ketones

3.1 Abstract

A novel protocol for the transition metal-free 1,2-addition of polyfluoroaryl boronate
esters to aldehydes and ketones is reported, which provides secondary alcohols, tertiary
alcohols, and ketones. The distinguishing features of this procedure include the
employment of commercially available starting materials and the broad scope of the
reaction with a wide variety of carbonyl compounds giving moderate to excellent yields.
Intriguing structural features involving O—H:---O and O—H:--N hydrogen bonding, as well
as arene-perfluoroarene interactions, in this series of racemic polyfluoroaryl carbinols

have also been addressed.

3.2 Introduction

Over the past few decades, the transition metal catalyzed 1,2-addition of

organometallic reagents to the C=O functionality of aldehydes and ketones has developed

as a useful method for the synthesis of substituted secondary and tertiary alcohols.!"

. . . . 2
Numerous reagents have been used for these reactions, including organomagnesium,™

[1,3 [6] [7

organozinc,'”! organolithium,™ organosilane,””! organostannane,' organocerium!” and

organoboron compounds.®! In particular, organoboronate reagents offer significant
advantages such as air and moisture stability, low toxicity, good functional group
tolerance, and availability."™ In 1998, Miyaura and co-workers' first reported the addition

of arylboronic acids to aldehydes using a Rh catalyst. In subsequent studies, other

10] [11] [14] [15] 16]

rhodium,[ palladium, platinum,[lz] nickel,[m copper, iron, cobalt,[ and

ruthenium!!”!

complexes have been developed as precatalysts for such reactions. However,
transition metals can be expensive, toxic, and difficult to remove completely from the
corresponding product. A transition metal-free strategy would be highly desirable for these
useful transformations. The reaction products for the addition of arylboronic acids to
ketones, after hydrolysis, are tertiary alcohols, which are important building blocks for the
synthesis of pharmaceuticals, agrochemical compounds, and natural products.!'® However,

the nucleophilic addition of organometallic reagents to ketones can be challenging due to
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the inherent steric congestion around the carbonyl group, frequently resulting in the
generation of products arising from side reactions such as reduction and aldol
condensation."”! Therefore, the development of an efficient, general, and convenient

protocol for the synthesis of tertiary alcohols is of considerable interest.

Moreover, an ideal strategy to synthesize ketones, important and ubiquitous structural
motifs,*” lies in the transition metal-catalyzed replacement of an aldehyde’s C(O)-H
group with a carbon electrophile.”! Recently, Zheng and co-workers demonstrated the
direct functionalization of aldehyde C—H bonds with aryl halides, using a precious metal
palladium catalyst, which has proven to be a viable method to generate the corresponding

ketone products.?*

Knochel (1999)

R F EF OH F
. iz 5 _PrMgBr { . : MgBr] PhC(O)H O O F @
THF, -78 °C
F F
FF FF F

88%

Lam (2010) and Gu (2015)
OH F

FOF ;
1. Catalyst b
F ™S + @C(O)H - aays, O O (k)
2. Hs0" . .
F F F

77%, using Cu catalyst (Lam et al.)
99%, using NHC catalyst (Gu et al.)

Huang (2015)
F OH

R F PrMgCl R F .

y g _(:2eq) y v | REOH R
THF, 1t 9% 1 70 equiv (e)
H F
F F F F E
1.44 eq up to 99%

Scheme 3-1. Approaches to access polyfluoroaryl carbinols via the addition to aldehydes.

Polyfluoroarenes have gained extensive attention due to their important role in
pharmaceutical, agrochemical, and advanced materials. Thus, identifying practical and
efficient concepts for the introduction of fluorine or fluorinated building blocks is highly
desirable. Several studies have been reported regarding the polyfluorophenylation of
aldehydes. For example, in 1999, Knochel and co-workers®” used fluorinated aryl
bromides to perform pentafluorophenylation of aldehydes (Scheme 3-1a). More recently,
Lam and co-workers!® used a copper catalyst (Scheme 3-1b) and Gu and co-workers*®

(Scheme 3-1b) used an N-heterocyclic carbene (NHC) organocatalyst to obtain fluorinated
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aryl carbinols using polyfluorophenyl trimethylsilane as a nucleophile for the addition to

[27

aldehydes. In 2015, Huang and co-workers?®” (Scheme 3-1c) reported a Mg-mediated

polyfluoroaryl addition to aldehydes. Although some advancements in this field have been
reported, these methods suffer from the requirement for highly flammable Grignard
reagents, transition metals or NHC catalysts. Moreover, methods reported by Lam and co-
workers and Gu and co-workers are limited to pentafluorophenyl trimethylsilane or 1,4-bis

(trimethylsilyl) tetrafluorobenzene as substrates.

Recently, we reported efficient methods to generate fluorinated arylboronic acid pinacol

esters (Arg-Bpin) via C-F borylation of fluoroarenes using NHC-ligated Ni complex?¥*"]

[28¢

and C-Cl borylation of Arg-Cl using Pd catalyst under base free condition.™ Likewise,

we reported optimized conditions for the Suzuki-Miyaura cross-coupling reaction of Arg-

Bpin compounds with ArX (X = Br, I) using a combination of Cul and 1,10-

(2841 Fyrthermore, we reported the palladium-

[28¢]

phenanthroline as a catalyst precursor.
catalyzed homocoupling of fluorinated arylboronates, and the copper-catalyzed
oxidative cross-coupling of electron-deficient polyfluorophenyl boronate esters with
terminal alkynes.?® We report herein the transition metal-free polyfluorophenylation of
ketones and aldehydes with fluorinated aryl boronates, which provides a convenient and

novel strategy for the synthesis of alcohols and ketones.
3.3 Results and Discussion

3.3.1 Optimization of Reaction Conditions

Addition of arylboronic acids to aldehydes using transition metal catalysts has been well
developed. We expected that the use of more Lewis acidic pentafluorophenyl-Bpin with a
base would generate a nucleophilic intermediate in the absence of a transition metal. To
verify our hypothesis, we initially examined the reaction of pentafluorophenyl-Bpin (3-1a)
and benzaldehyde (3-2a) as a model reaction. As shown in Table 3-1, secondary alcohol 3-
3a was observed as the addition product after hydrolysis when the mixture of 3-1a and 3-
2a was heated in the presence of KOMe as the base (Table 3-1, entry 1). Encouraged by
this first result, we screened the reaction parameters, including the base and the solvent, to
improve the performance of the reaction. The employment of K,CO; as the base
dramatically increased the yield to 92% (Table 3-1, entry 6). The experimental results
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revealed that heating is required as the room temperature reaction only afforded 3-3a in
trace amounts (Table 3-1, entry 7). Low conversions were observed when reactions were
conducted in coordinating solvents such as DMF, THF, and 1,4-dioxane (Table 3-1, entries
8, 10, 11), and the lowest yield was obtained when CH3;CN was used as the solvent (Table
3-1, entry 9). In addition, the reaction exhibited very poor performance under aerobic
conditions (Table 3-1, entry 12). Interestingly, increasing the amount of K,COs5 to 3 equiv.
only led to a moderate increase in yield (Table 3-1, entry 13). Decreasing the amount of
K,COs (0.8 equiv.) did not impact the performance of the reaction (Table 3-1, entry 14).
No reaction took place when K,CO; was absent (Table 3-1, entry 15), indicating that
K,CO; as the base is important for this reaction. Not surprisingly, adventitious water
quenched the reaction (Table 3-1, entries 16-17). However, under anhydrous conditions,
the transition metal-free polyfluorophenylation of benzaldehyde with pentafluorophenyl-

Bpin is feasible and leads to high yields of the desired product.
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Table 3-1: Optimization of the reaction conditions."”

R F OH F

FAQ—Bpin ¥ ©/ COM " pase, solvent F
ant 60 °C, 36 h . .
31a 3-2a 33a |
Entry Base Solvent Yield (%)™
1 KOMe Toluene 20
2 KF Toluene 25
3 ‘BuOLi Toluene 52
4 Cs,CO;5 Toluene 60
5 Na,COs Toluene 78
6 K,CO; Toluene 92
7l K,CO; Toluene trace
8 K,COs DMF 50
9 K>COs CH;CN 15
10 K,COs THF 88
11 K,CO;5 1,4-Dioxane 79
1214 K,COs Toluene 35
13 K,COs Toluene 83
1411 K,COs; Toluene 92
15 - Toluene 0
16'¢ K,CO; Toluene 66
170 K,CO; Toluene 25

[a] conditions: 3-1a (0.44 mmol), 3-2a (0.4 mmol), base (1.0 equiv), degassed and dried solvent (3
mL), 60 °C, 36 h, under argon. [b] Yields were determined by GC-MS analysis vs. a calibrated
internal standard and are averages of two runs. [c] room temperature. [d] under air. [e] K,CO; (3
equiv). [f] K,COs (0.8 equiv). [g] K,CO; (0.8 equiv), degassed wet toluene. [h] K,COs5 (0.8 equiv),

wet toluene. Moisture and air are detrimental to the yield due to the instability of the fluorinated
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aryl boronate.>

3.3.2 Investigation of Reaction Scope

Using these optimized conditions, we evaluated the scope and the limitations of this
reaction. As shown in Table 3-2, a series of aldehydes bearing electron-withdrawing or -
donating substituents at the para-, meta-, or ortho-position all worked well with
pentafluorophenyl-Bpin to give the desired products (3-3b-3k). Notably, for reactions
employing aldehydes bearing electron-donating groups, increasing the reaction
temperature to 80 °C for 48 hours was required to generate the corresponding products in
acceptable yields. It should be noted that reactions using 4-(diethoxymethyl)benzaldehyde
resulted in cleavage of the diethoxymethyl group (3-31). Furthermore, this methodology
could be successfully extended to more complex aldehydes, such as those incorporating
naphthyl and pyridyl groups (3-3m and 3-3n). The structures of compounds 3-3f, 3-31, 3-
3m and 3-3n were unambiguously confirmed via single crystal X-ray analysis (vide infra).
After a broad range of aromatic aldehydes were examined, reactions with aliphatic
aldehydes were investigated using the optimized conditions. Gratifyingly, all reactions
proceeded smoothly to afford the corresponding products (3-30-3q). Importantly,
aldehydes containing ester groups, which are well-known to be sensitive towards Grignard

reagents, also afforded the desired alcohols in excellent yield (3-3r).

Table 3-2: Scope of the reaction with respect to the different aldehyde substrates 3-2.1%!

F F OH F
R\ P K,COj, Toluene N F
F Bpin + \ 223 R
R 60 °C, 36 h = . -
F F
F
3-1a 3-2(R'=H) 3-3
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OH

O-rl
m m

F
3-3a: 92% F
Cl OH

M M

F
3-3d: 88%

CH; OH F

.

3-3g: 799l

m mm

3-3p: 84%

OH F

CL
F F

F

M

3-3b: 93%
OH F

ROSS4

F F

F

3-3e: 87%

OH F

T
@
O
T

3-3h: 81%[°]F

OH F
O 0
h F F

3-3k: 85%l°]F

—Z

OH F
N F
| AN
Z F F
3-3n: 82% F

OH F

n
n
M M

3-3q: 76%

M

O-rl

OH F
O

F

M

3-3c: 90%

Br OH F
X
F

3-3f: 89%

M

m

OH

F
® Pt
F F HsCO F F

3-3i: 71%!° F

OH F

neasd
HC F F

3-31: 80%!c! F

OH F
F
F F

3-30: 80% F

OO
F F

F
% 3-3r: 86%

[a] conditions: 3-1a (0.44 mmol), 3-2 (0.4 mmol), K,CO; (0.32 mmol), Toluene (3 mL), 60 °C, 36

h, Ar. [b] Isolated yields are reported. [c] 80 °C, 48 h.
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Table 3-3: Scope of the reaction with respect to the different ketone substrates 3-2.1

R F R1OH F
. R o K,CO3, Toluene XX F
F Bpin + \ R
R’ 120 °C, 96 h L E F
FF [
3-1a 3-2(R"= CH3, Ph) 3-3
OH F OH F Br OH F
C od C o4 C o4
F F Cl F F F F
3-3s:65% © 33t:67% © 3-3u: 58%
F
OH F F_OH F F F
g F Ph F OH
(1 (o F
F F F F F
3-3v:45% © 3-3w: 50% 3-3x: 71%

[a] conditions: 3-1a (0.44 mmol), 3-2 (0.4 mmol), K,CO3 (0.32 mmol), Toluene (3 mL),
120 <C, 96 h, Ar. [b] Isolated yields are reported.

We then briefly investigated the scope using simple ketones (Table 3-3). When reactions
were performed at 120 °C and for prolonged reaction times, the corresponding products
were provided in moderate yields (3-3s-3u). Modest reaction yields were obtained when
sterically hindered benzophenone and (2-fluorophenyl)(phenyl)methanone were used (3-
3v-3w). Importantly, cyclohexanone proceeded to give the desired products in good yield
(3-3x).

Table 3-4: Scope of the reaction with respect to different polyfluorophenyl boronate
substrates 3-1.1%

,OH
o R
Fn@Bpin . @_« K,COj, Toluene | X
\_/ R' 80 °C, 48 h JFn
3-1 3-2(R"=H, CHy) 3.4
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OH F OH F OH F
F F F F F
F
3-4a: 82% 3-4b: 84% 3-4c: 80%
OH F O F O F
T
F
3-4d: 80% 3-4e: 79%9 3-4f: 75%°
OH F
HaC OH OH
‘ ‘ F I A I F ‘ A ‘
F F
F
3-4g: 68% 4h: ND 4i: ND

[a] Reaction conditions: 3-1a (0.44 mmol), 3-2 (0.4 mmol), K,CO; (0.32 mmol), toluene (3 mL),
80 °C, 48 h, Ar. [b] Isolated yields are reported. [c] #-BuOLi (0.32 mmol). [d] 120 °C, 96 h.

To explore further the utility of this reaction, we then examined the scope using other
less substituted polyfluorophenyl boronate esters with benzaldehyde (Table 3-4). The
compounds 2,3,5,6-tetrafluorophenyl-Bpin, 2,3,4,6-tetrafluorophenyl-Bpin, and 2.4,6-
trifluorophenyl-Bpin also proved to be effective in these reactions and afforded the
products in excellent yields (3-4a-4¢). Furthermore, the reaction with 2,6-difluorophenyl-
Bpin proceeded to give the desired product in 80% yield (3-4d). However, these reaction
conditions were not suitable for the reaction of 2,5-difluorophenyl-Bpin and 2-
fluorophenyl-Bpin with benzaldehyde. Surprisingly, reactions with these substrates
resulted in the formation of ketones (3-4e and 3-4f) when a strong base was used.
Tetrafluorophenyl-Bpin reacted readily with acetophenone to yield product 3-4g.
Unfortunately, no reaction occurred when the aryl-Bpin compound did not have an ortho-
fluorine substituent (3-4h and 3-4i), as 3-fluorophenyl-Bpin, phenyl-Bpin, 4-CH;-phenyl-
Bpin and 4-CN-phenyl-Bpin all failed to provide any product. These results demonstrate

that the ortho-fluorine group plays a key role in related conversions.
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3.4 Mechanistic Study

3.4.1 Preliminary Mechanistic Studies

To gain further insight into the aforementioned reactions, several mechanistic studies
were conducted. The reaction of 3-2a with pentafluorobenzene 3-5 under standard
conditions was examined, yet 3-3a was not formed in any detectable amounts (Scheme 3-
2a), indicating that the C-Bpin moiety is essential and deprotonation of the fluoroarene or
nucleophilic attack at the fluoroarene by the base is not a plausible pathway. Interestingly,
for the standard reaction between 3-1a and 3-2a, the yield dropped dramatically if 18-
crown-6 ether and K,CO; were added (Scheme 3-2b). This experimental result indicates
that the presence of the potassium ion plays a crucial role for the outcome of the reaction.
Furthermore, if the reaction of 3-1a and 3-2a was performed in the presence of only a
catalytic amount of K,COs3 (20 mol%) (Scheme 3-2c), reaction rates were reduced, and a
week was required to produce 3-3a in good, isolated yield. This finding again indicates
that the potassium ion (or the base) plays an important role in the reaction. Substituting
ortho-fluorines by ortho-chlorines, using either C4ClsBpin 2,6-dichlorophenyl-1-Bpin as
substrates, did not yield any product as shown by in situ GCMS studies. Likewise, 2,3,4-
trifluorophenylBpin and 3,4,5-trifluorophenylBpin substrates with only one or no ortho-
fluorine substituent also led to no detectable product formation. The presence of an ortho-

methoxy group on the aldehyde, however, did not inhibit the reaction.
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R F OH F
. F
. . @C(O)H K»CO3 (0.8 equiv) O O @)
Toluene, 60 °C, 36 h F E
F F L
3-5: 0.1 mmol 3-2a: 0.1 mmol 3-3a, 0%
R F OH F
" F
£ Bpin + @C(O)H Standard Conditions (b)
18-crown-6 (2 equiv)
A F T F
3-1a: 0.11 mmol 3-2a: 0.1 mmol 3-3a, 25%

FRF
F
F Bpin + Q—C(O)H Toluene (c)
K,CO3 (20 mol %) . .
FF

60 °C, one week
3-1a: 0.11 mmol 3-2a: 0.1 mmol 3-3a, 81%

Scheme 3-2. Preliminary mechanistic studies.

3.4.2 Plausible Mechanism

(28:29] and experimental observations, a mechanism for the 1,2-

Based on previous studies
addition of polyfluorophenylboronates to aryl aldehydes in the presence of K,COs3 as base
is proposed, as shown in Scheme 3-3. K,COs interacts with the Lewis-acidic Bpin moiety
of substrate 3-1 to generate base adduct 3-A, which weakens the carbon-boron bond and
ultimately cleaves the B—C bond along with attachment of a potassium cation to the aryl
group. The resulting Arr anion adduct 3-B undergoes nucleophilic attack at the aldehyde
carbon atom of substrate 3-2 to generate methanolate 3-C. The methanolate oxygen atom
then attacks the electrophilic Bpin group to obtain compound 3-D. Transfer of K,CO;
from intermediate 3-D to the boron atom of the more Lewis-acidic polyfluorophenyl-Bpin
3-1 finally closes the cycle and regenerates complex 3-A. Thus, the primary reaction

product is the O-borylated addition product 3-E, which was detected by HRMS and NMR

spectroscopy for the perfluorinated derivative (see section 3.7.7).
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Scheme 3-3. Proposed mechanism of the 1,2-addition of polyfluorophenylboronates to aldehyde

derivatives in the presence of K,COj; as base.
3.4.3 Computational Studies

To corroborate this mechanism, a detailed DFT study was performed on the model 1,2-
addition of 3-1a to 3-2a, the results of which are shown in Figure 3-1. In the initial step,
K,COj3 coordinates to the Bpin moiety of 3-1a and gives rise to the pentafluorophenyl-
Bpin-base complex 6 with free energy decreasing by 27.2 kcal/mol. The energy of
compound 6 is set as the zero point of the energy profile. The pentafluorobenzene anion
(Arg) adduct 8 is formed endothermically by cleavage of the B—C(Arg) bond via transition
state 7-ts with an energy barrier of 26.4 kcal/mol. In the optimized structures of 7-ts, K*
cations coordinate to C, O and F atoms, whereas there is only K—-O coordination in
compound 6. Subsequent cleavage of the B—C(Arg) bond can be facilitated by this
pathway. The separated carbonate adduct and Arg group in adduct 8 are connected and
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stabilized by K" cations. Nucleophilic attack of Arg at the aldehyde carbon atom via
transition state 10-ts occurs to achieve the coupling intermediate 11 with an energy of 17.6
kcal/mol. This low activation energy barrier can be attributed to the coordination of K* to
the oxygen atom of the aldehyde, thus enhancing the electrophilicity of the aldehyde
carbon atom. Subsequently, the methanolate oxygen atom attacks the Lewis-acidic boron
atom to give the corresponding compound 13 irreversibly via transition state 12-ts. The
overall energy barrier for this step is 16.2 kcal/mol. Finally, K,CO3 in compound 13
coordinates to the boron of substrate 1a via transition state 14-ts, followed by cleavage of
a B—O bond to give 16-ts and eventually 17, regenerating the active species 6. As shown
in Figure 1, the energy barriers for these two steps are very low, indicating that
intermediate 13 transforms to product 17 swiftly. The step from pentafluorophenyl-Bpin-
base compound 6 to product 17 is calculated to be exergonic by 14.3 kcal/mol. The base-
assisted cleavage of Bpin and pentafluorophenyl (Arg) is calculated to be the rate

determining step (RDS) with a free energy of activation of 26.4 kcal/mol.

AG/MO6, Toluene
(kcal/mol)

12-ts 1a

Figure 3-1. Free energy profile for the 1,2-addition of pentafluorophenyl-Bpin (3-1a) and
benzaldehyde (3-2a) in the presence of K,COs as the base, calculated at the M06/(6-311++G(d, p),
SMD)//B3LYP/(6-31+G(d)) level of theory. Relative free energies (AG) are given in kcal/mol, and
bond lengths are given in A,
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As shown in Figure 3-1, the cation K" bonds with one or two F atoms in these
intermediates and transition states, suggesting that the fluoride substituents possibly play
an important role in the 1,2-addition of polyfluorophenylboronates to aryl aldehydes.
Therefore, we calculated the activation free energies of the RDS using
polyfluorophenylboronates with different numbers and positions of fluorine substituents as
the substrate. The results given in Figure 3-2 clearly show that the energy barrier rises
with a reduction in the number of F substituents. The position of the fluorine atoms also
affects the energy barrier, and ortho fluorine has a stronger effect on the barrier than F
substituents at other positions. The barrier for 24, with an ortho-F substituent, is higher
than that of 22 by 2.6 kcal/mol, whereas that of 26 with a para-F substituent rises to 39.0
kcal/mol. In fact, no reaction was observed under these conditions when 26 was used as
the substrate, which is consistent with our calculated results. We conclude that the ortho-F
substituent is vital in this reaction for interaction with K* along the reaction pathway, and
that other F substituents also influence the reactivity for the 1,2-addition of
polyfluorophenylboronates to aryl aldehydes via their electron-withdrawing effect. Thus,
stronger electron-withdrawing groups located at the para or meta carbons of

polyfluorophenylboronates may promote this reaction.

/ \ / — / \
?‘C\ K ?‘C\ X (|) C K o—c/ N o= C/\ o— /\
R LE-O7| r LEOQ| KF/o |
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Figure 3-2. Free energies of activation of the cleavage of Bpin and Arg step calculated at the
MO06/(6-311++G(d, p), SMD)//B3LYP/(6-31+G(d)) level of theory. Relative free energies (AG) are
given in kcal/mol.

In order to ascertain the role of the K* cation in these reactions, part of the free energy
profile without the cation was also calculated at the same level of theory, and the results
are given in Figure 3-3. Compared with the energy profile in Figure 3-1, in the absence of
K", the process of the methanolate oxygen anion 33 attack at the Lewis-acidic boron in 30
becomes improbable, with an activation barrier of 41.4 kcal/mol, although the initial

cleavage of Bpin and pentafluorophenyl (Arg) step has a lower free energy of activation.
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Upon addition of 18-crown-6 to the reaction, the yields drop dramatically. As a counterion,
K* clearly regulates the nucleophilicity of COs*, and promotes the reactivity by
interaction with oxygen or fluorine atoms. Our DFT calculations indicate that both the
ortho-F substituents on the polyfluorophenylboronates and the counterion K™ are essential

for the 1,2-addition of polyfluorophenylboronates to aryl aldehydes.

A

AG/MO06,Toluene

(kcal/mol) . " )
42,36

Figure 3-3. Free energy profile of 1,2-addition of polyfluorophenylboronates with aryl aldehydes
in the absence of K* calculated by the M06/(6-311++G(d, p), SMD)//B3LYP/(6-31+G(d)) level of
theory. Relative free energies (AG) are given in kcal/mol, bond lengths are given in A.

3.5 Crystal and Molecular Structures of Products

The structures of 3-3f, 3-3l, 3-3m, 3-3n, and 3-4d were unambiguously confirmed by
single crystal X-ray diffraction. While the molecular structures are chiral (Figure 3-4), all
the compounds represent racemic mixtures. Due to the presence of OH groups, the
arrangement of the molecules in the crystal structures of all compounds is primarily
determined by O—H---O or O—H---N hydrogen bonding (Table 3-5). The presence of w---x
stacking interactions between pentafluorophenyl and bromophenyl or naphthyl moieties
(3-3f and 3-3m), respectively, is also observed in these examples (Table 3-6). Such an
attractive interaction between arenes and perfluorinated arenes results from the different
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electronegativities of the hydrogen and fluorine atoms with respect to the carbon atoms of
the aromatic rings and, hence, from opposite multipole moments of the aromatic groups. It
is called the arene—perfluoroarene interaction and can be applied as a supramolecular
synthon in crystal engineering.*” This was previously confirmed by Marder and co-

workers, who have shown that this type of interaction leads to the formation of highly

ordered m-stacks of alternating arene and perfluoroarene molecules in co-crystals of arenes
[30d,31]

and perfluoroarenes.

4d

Figure 3-4. Molecular structures of compounds 3f, 31, 3m, 3n and 4d in the solid state at 100 K.
Atomic displacement ellipsoids are drawn with 50% probability. Only selected hydrogen atoms are
shown for clarity. Colour code: grey — carbon, red — oxygen, blue — nitrogen, orange — bromine,
green — fluorine, and white — hydrogen.

In the crystal structures of compounds 3-3f and 3-3m, the combination of both O-H---O
hydrogen bonding and arene-perfluoroarene interaction leads to the intriguing formation
of [O—H--]4 hydrogen-bonded cyclic tetramers with graph set R,*(8) (Figure 3-5, Table 3-
5).22 The molecules of the tetramer interact via arene-perfluoroarene w---m stacking
between the bromophenyl or naphthyl and pentafluorophenyl moieties on the outside of
the cyclic [O—H---], ring. The interplanar separations (3.281(7) — 3.687(14) A) are typical

for m---m stacking interactions,%! the angles between the interacting planes are 4.96(19)
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— 16.8(3)=(Table 3-6). In the higher symmetry compound 3-3m (space group P2;/c with
Z' = 2, where Z' denotes the number of molecules in the asymmetric unit), arene-
perfluoroarene interactions are also present between the tetramers, in addition to C—H---m,
C—H---F, and F---F interactions (Figure 3-12). Each tetramer of 3-3m is centrosymmetric

and, hence, contains molecules of opposite chirality (RRSS), leading to a racemic mixture

(Figure 3-5(b)). Tetramers are arranged in sheets parallel to the b, c-plane (Figure 3-12). In
contrast, compound 3-3f crystallizes in the non-centrosymmetric space group P1. There
are 16 symmetry-independent molecules in the asymmetric unit (Z' = 16) of 3-3f, which
build up four symmetry-independent hydrogen-bonded cyclic tetramers (Figure 3-7). Each
tetramer is constituted by molecules of the same chirality (RRRR or SSSS) (Figure 3-5(a)).
Thus, the chirality of the four tetramers in the asymmetric unit, i.e.,
(RRRR)(SSSS)(RRRR)(SSSS), leads to a racemic mixture, as shown in Figures 3-5(a), 3-7

and 3-8. Tetramers of mixed chirality are arranged in sheets parallel to the b, c-plane with
bromine atoms all pointing up or down within the sheet (Figures 3-8 and 3-9). Parallel
sheets face each other either with the bromine atoms or without. In fact, crystals of 3-3f
represent one of the rare class of crystals for which ' > 1.% 3% Wwhile searching for a
structure of higher symmetry, the cell parameters of 3-3f were also determined at 200 K.
As this resulted in a similar triclinic unit-cell metric as was observed at 100 K, the

occurrence of a phase transition at temperatures between 100 K and 200 K is unlikely.
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Figure 3-5. Compounds (a) 3-3f and (b) 3-3m self-assemble to form tetramers via O-H --O
hydrogen bonding and the corresponding graph set notation is R,*(8).*" n-- - stacking interactions
between the bromophenyl or naphthyl and pentafluorophenyl groups, respectively, within the
tetrameric unit are indicated by close C---C contacts (dashed lines). (a) Each of the four symmetry-
independent tetramers of 3-3f consists of molecules of the same chirality (RRRR or SSSS). Only
one tetramer (SSSS) is shown here. (b) In 3-3m, the tetramer is centrosymmetric with (RRSS)
chirality of the molecules.

Contrary to 3-3f and 3-3m, the dominance of hydrogen bonding and absence of arene-

perfluoroarene interactions in compounds 3-31 (space group P1), 3-3n and 3-4d (both
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space group C2/c) resulted in the formation of one-dimensional hydrogen-bonded chains
(Figure 3-6). In 3-3l and 3-3n, the intermolecular O-H --O and O-H --N hydrogen
bonding interaction takes place between the alcohol (O—H, donor) and the carboxaldehyde
(O, acceptor) and pyridyl (N, acceptor) groups, respectively, the latter having a stronger
hydrogen bond acceptor ability compared to the alcohol group (Table 3-5). Depending on
the position of the acceptor atom in the molecule, hydrogen-bonded chains are straight (3-
3l, Figure 3-6(a)) or zig-zag-like (3-3n, Figure 3-6(b)). In 3-3I, each one-dimensional
chain contains molecules of one particular chirality (either R or S), and chains of opposite
chirality exhibit extensive n-stacking interaction between the phenyl groups. In this way,
double-stranded linear chains projecting the CgFs groups on both sides are formed, as
shown in Figure 3-6(a). The CgFs groups from neighboring strands undergo interdigitation
and exhibit partial offset m---m interactions between fluorinated moieties and C—F--'n
interactions between phenyl and pentafluorophenyl groups (Figures 3-10 and 3-11, Table
3-6). In 3-3n, one-dimensional zig-zag chains are formed by molecules of alternating
chirality (RSRS...) (Figure 3-6(b)). The pyridyl rings lie coplanar and the
pentafluorophenyl groups interdigitate via partial offset n---m interactions to form a
parallel ribbon-like arrangement (Figure 3-13, Table 3-6). This structure exhibits a bilayer
architecture as there are alternating hydrophobic and hydrophilic regions (Figures 3-13
and 3-14).2 In 3-4d, corrugated one-dimensional chains are observed by the
intermolecular O—H --O-H --hydrogen bonding interactions between the alcohol groups
(Table 3-5), and molecules constituted of alternating pairs of same chirality (RRSSRRSS...
as shown in Figure 3-6(c) and Figure 3-15). Other intermolecular interactions observed in
3-4d include C—H --F, C—H --qt, and very weak, strongly offset = --st interactions (Table
3-6).
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Figure 3-6. One-dimensional hydrogen-bonded chains are present in (a) 3-31 (O—H --0), (b) 3-3n
(O—H --N), and (c) 3-4d (O-H --0). (a) In 3-3l, chains containing molecules of opposite chirality
stack parallel via & --qt interaction between the phenylcarboxaldehyde groups. (b) A zig-zag chain
constituted by molecules of alternative chirality (RSRS...) is shown for compound 3-3n. (c)
Compound 3-4d exhibits corrugated chains with (RRSS...) chirality of the molecules. Additional
weak interactions (C—H:--x and partial n -7 stacking) are shown.
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Figure 3-7. The asymmetric unit of 3-3f and the unit cell metric are drawn. It consists of a racemic
mixture of 16 symmetry-independent molecules which form four hydrogen-bonded tetramers of
R,(8) graphset. The chirality of all 16 molecules are shown. Each tetramer contains only one type
of chirality. In addition to hydrogen bonding interactions, other interactions, such as m'--m, C—
F---n(C), C-H-"'xn, F---F, F---Br, etc. are also observed. The interplanar separations and angles
between the phenyl and pentafluorophenyl rings lie in the range of 3.281(7) — 3.687(14) A and
4.96(19) — 16.8(3) < respectively.
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CH
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Figure 3-8. Tetramers of 3-3f are arranged in sheets parallel to the b, ¢-plane with bromine atoms
all pointing up or down within a sheet. Parallel sheets face each other either with the bromine
atoms or without.
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Figure 3-9. One of two symmetry-independent sheets of tetramers of 3-3f containing two of four
symmetry-independent tetramers. Tetramers within the sheet show alternating chirality.

Figure 3-10. One-dimensional hydrogen bonded (O—H --O) chains also exhibit C—F---z(C) and
C—H --F interactions between phenyl and pentafluorophenyl groups in 3-3l.
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Figure 3-11. The n-stacked hydrogen-bonded chains further interdigitate® (viewed
approximately along a-axis) and there exist partial 7-- -7 interactions between fluorinated moieties
and C-F---x interactions between pentafluorophenyl and carbonyl groups in 3-3l.
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Figure 3-12. The crystal packing of compound 3-3m is viewed along the a-axis. In addition to O—
H---O hydrogen bonding, various intermolecular interactions, such as n---n, C-H---m, C—H --F,
and F --F, are also observed. Interplanar separations and angles between the planes of naphthalene
and pentafluoropheny! rings are 3.416(5) — 3.637(3) A and 6.47(13) — 16.05(13)<
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Figure 3-13. The crystal packing of 3-3n is viewed along the b-axis. The pyridyl rings lie coplanar
and the pentafluorophenyl groups interdigitate to form a parallel ribbon-like arrangement. Various
types of weak interactions include, besides O—H --N hydrogen bonding, C-H:--n, C-F--*x, and
F --F interactions (dr.r = 2.72 A, Fuaw-radivs = 1.47 A). Alternating hydrophobic and hydrophilic
regions can be seen.
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Figure 3-14. The crystal packing of 3-3n is viewed along the c-axis. Alternating hydrophobic and
hydrophilic regions can be seen.
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Figure 3-15. Crystal packing of 3-4d, viewed along the a-axis, shows corrugated one-dimensional
hydrogen bonded (O-H --O) chains propagating along the c-axis. In addition, several other
intermolecular interactions, including C—H --+, C-H:--xt, and - - -, can be observed.

3.6 Conclusions

We have demonstrated here the simple conditions for the 1,2-addition of aldehydes and
ketones with polyfluorophenylboronate compounds. This strategy has the following
advantages: (1) transition metal-free catalyst system; (2) a variety of aromatic and
aliphatic aldehydes were found to be suitable substrates for this reaction using
pentafluorophenyl-Bpin in moderate to excellent yields; and (3) sterically hindered
ketones also worked well to furnish the corresponding products. This method also
introduces the use of polyfluoropenyl-Bpin compounds instead of Grignard reagents for
polyfluorophenylation of arylaldehyde and ketone substrates. Further studies of the
synthesis and applications of polyfluorophenyl boronates are underway in our laboratory

and will be reported in due course.
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3.7 Detailed Experiments and Characterization Data

3.7.1 General Information

All NMR spectra were recorded on a Bruker AC-500 spectrometer (500 MHz for *H
NMR, 125 MHz for ®C{*H} NMR, and 470 MHz for *°F NMR) with CDCl; as the
solvent. Chemical shifts (5) are given in ppm and *H NMR spectra were referenced via
residual proton resonances of CDCl; (7.26 ppm), *C{*H} spectra were referenced to
CDCl; (77.16 ppm) and *°F spectra are referenced to external CFCls. The following
abbreviations were used to indicate multiplicities: s = singlet; d = doublet; t = triplet; q =
quartet; m = multiplet. GCMS analyses were performed on an Agilent Technologies
GCMS system (GC 7890A, EI-MS 5975C). HRMS were measured on a Thermo Scientific
Exactive Plus equipped with an Orbitrap. ESI measurements were conducted using a HESI
source with an aux-gas temperature of 50 <C. Measurements were conducted using an
APCI source with a corona needle; aux-gas temperature was 400 <C. Chemical yields
referred to pure isolated product. Automated flash chromatography was performed on
silica gel (Biotage SNAP cartridge KP-Sil), obtained from Biotage, using a Biotage®
Isolera Four Flash system. Unless otherwise stated, all reagents were commercially
purchased and used without further purification. The degassed and dry solvents were used.

B.pin, was kindly provided by AllyChem Co. Ltd. (Dalian, China).
3.7.2 Borylation of Polyfluoroarenes

Pentafluorophenyl-Bpin, 2,3,5,6-tetrafluorophenyl-Bpin, 2,3,4,6-tetrafluorophenyl-Bpin
and 2.,4,6-trifluorophenyl-Bpin used were prepared according to the literature
procedures.®® In an argon filled glovebox, a solution of [(COD)Ir(OMe)], (0.5 mol%),
4.4’-di-tert-butyl-2,2’-bipyridine (2 mol%), bispinacolatodiboron (Bpin,) (0.5 equiv.) and
pentafluoroarene (1 equiv.) in hexane (dry and degassed) was stirred at room temperature
in a sealed reaction vessel for 48h. The volatile materials were removed in vacuo to give
the crude product, together with unreacted starting arene. The residue was then purified by

flash chromatography on silica gel to provide the corresponding product (~90 %).

103



Chapter 3

3.7.3 General Procedures

In an argon filled glovebox, a sealable reaction tube with a cap equipped with a
magnetic stir bar was charged with polyfluorophenyl boronate esters 3-1 (0.45 mmol),
aldehydes 3-2 (0.4 mmol) and K;COs3 (62.1 mg, 0.36 mmol) in toluene (3.0 mL, SPS and
degassed) at room temperature. The sealed reaction vessel was placed in an oil bath at
60 <C for 36 h. After the reaction was completed, it was cooled to room temperature. The
solvent was removed in vacuo. The residue was purified by flash chromatography on silica
gel (eluant: n-pentane and EtOAC) to give the desired product.

3.7.4 Characterization Data

OH F

F

‘F‘F
F

(3-3a):27 101 mg, 92% yield, white solid. *H NMR (500 MHz, CDCl3): & (ppm) = 7.40-

7.36 (m, 4H), 7.34-7.31 (m, 1H), 6.23 (s, 1H), 2.92 (s, 1H). *C{*H} NMR (125 MHz,

CDCl3): & (ppm) = 144.6 (dm, *Jr.c = 250 Hz), 140.8 (dm, *Jr.c = 250 Hz), 140.6, 137.6

(dm, YJg.c = 250 Hz), 128.7, 128.3, 125.4 (t, Je.c = 1 Hz), 117.0 (tm, Je.c = 17 Hz), 67.6.

F NMR (470 MHz, CDCls): & (ppm) = -143 — -143.1 (m, 2F), -154.6 — -154.7 (m, 1F), -

161.4 — -161.6 (m, 2F). HRMS (ASAP): Calcd. for C13H;Fs0 274.0417, Found: 274.0403.
OH F

F
F‘F‘F
F

(3-3b):¥ 109 mg, 93% vield, colorless oil. '"H NMR (500 MHz, CDCls): & (ppm) = 7.38-
7.34 (m, 2H), 7.07-7.02 (m, 2H), 6.21 (s, 1H), 2.73 (s, 1H). *C{"H} NMR (125 MHz,
CDCls): & (ppm) = 162.5 (d, “Jr.c = 250 Hz), 144.6 (dm, Jr.c = 250 Hz), 140.9 (dm, *Je.c
= 250 Hz), 137.7 (dm, YJr.c = 250 Hz), 136.3 (d, Jr.c = 3 Hz), 127.2 (m), 116.7 (tm, Jec =
18 Hz), 115.6 (d, Jr.c = 22 Hz), 66.7. *°F NMR (470 MHz, CDCls): & (ppm) = -113.7 — -
113.8 (m, 1F), -143.1 — -143.2 (m, 2F), -154.2 — -154.3 (m, 1F), -161.2 — -161.3 (m, 2F).
HRMS (ASAP): Calcd. for C13HsFsO 292.0323, Found: 292.0312.
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F OH F
(L
F F

F

(3-3c): 105 mg, 90% vield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.69-
7.65 (m, 1H), 7.33-7.29 (m, 1H), 7.22-7.19 (m, 1H), 7.02-6.98 (m, 1H), 6.42 (s, 1H), 3.04
(s, 1H). *C{*H} NMR (125 MHz, CDCls): & (ppm) = 159.4 (d, “Jr.c = 250 Hz), 144.8 (dm,
1Jr.c = 250 Hz), 141.0 (dm, Jr.c = 250 Hz), 137.6 (dm, Jr.c = 250 Hz), 129.9 (d, Jr.c = 8
Hz), 127.4 (d, Jr.c = 13 Hz), 126.9 (m), 124.2 (d, Jr.c = 4 Hz), 115.7 (tm, Jec = 15 Hz),
115.3 (d, Jrc = 21 Hz), 62.0. *F NMR (470 MHz, CDCls): & (ppm) = -117.8 — -117.9 (m,
1F), -142.8 — -142.9 (m, 2F), -154.4 — -154.5 (m, 1F), -161.7 — -161.9 (m, 2F). HRMS
(ASAP): Calcd. for C13HsFsO 292.0323, Found: 292.0311.

Cl OH F
Pt
F F

F

(3-3d):* 108 mg, 88% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.81-
7.79 (m, 1H), 7.36-7.27 (m, 3H), 6.36 (s, 1H), 3.32 (s, 1H). *C{"H} NMR (125 MHz,
CDCls): & (ppm) = 145.1 (dm, *Jr.c = 250 Hz), 141.1 (dm, *Je.c = 250 Hz), 137.6 (dm, *Jx.
¢ = 250 Hz), 137.4, 131.7, 129.5, 129.4, 127.5 (t, Jr.c = 3 Hz), 126.8, 115.0 (tm, Jr.c = 17
Hz), 64.4. *°F NMR (470 MHz, CDCl5): & (ppm) = -141.6 — -141.7 (m, 2F), -153.9 (t, Jr =
21 Hz, 1F), -161.7 — -161.9 (m, 2F). HRMS (ASAP): Calcd. for C13HsFsCIO 308.0027,
Found: 308.0014.

OH F

F F
F

(3-3e): 108 mg, 87% yield, colorless oil. *H NMR (500 MHz, CDCl3): & (ppm) = 7.39 (s,
1H), 7.32-7.27 (m, 2H), 7.25-7.23 (m, 1H), 6.19 (s, 1H), 2.92 (s, 1H). *C{"H} NMR (125
MHz, CDCls): & (ppm) = 144.7 (dm, *Je.c = 250 Hz), 142.5, 141.1 (dm, “Je.c = 250 Hz),
137.7 (dm, "Jr.c = 250 Hz), 134.7, 130.0, 128.4, 125.6, 123.5, 116.3 (tm, Jr.c = 15 Hz),
66.7. *°F NMR (470 MHz, CDCls): & (ppm) = -142.8 — -142.9 (m, 2F), -153.7 — -153.8 (m,
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1F), -160.9 - -161.1 (m, 2F). HRMS (ASAP): Calcd. for C;3HsFsCIO 308.0027, Found:
308.0017.
Br OH F

(L
F F

£
(3-3f): 125 mg, 89% vyield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.80-7.78
(m, 1H), 7.51 (dd, J = 8 Hz, 1 Hz, 1H), 7.39 (tm, J = 8 Hz, 1H), 7.20 (tm, J = 8 Hz, 1H),
6.29 (s, 1H), 3.24 (s, 1H). B*C{*H} NMR (125 MHz, CDCls): § (ppm) = 145.1 (dm, ‘Jec =
250 Hz), 143.2 (dm, Jr.c = 250 Hz), 138.9, 137.6 (dm, Jr.c = 250 Hz), 132.8, 129.8,
128.1 (t, Jec = 3 Hz), 127.4, 121.5, 114.9 (tm, Je.c = 15 Hz), 66.5. °F NMR (470 MHz,
CDCls): & (ppm) = -141.0 (m, 2F), -153.7 (t, Je = 20 Hz, 1F), -161.6 — -161.8 (m, 2F).
HRMS (ASAP): Calcd. for C13HgFsBrO 351.9522, Found: 351.9511.
CH3; OH F

e
L

£
(3-39):2™ 91 mg, 79% yield, white solid. *H NMR (500 MHz, CDCl5): & (ppm) = 7.54-
7.52 (m, 1H), 7.27-7.24 (m, 2H), 7.19-7.17 (m, 1H), 6.30 (s, 1H), 2.63 (s, 1H), 2.31 (s,
3H). *C{*H} NMR (125 MHz, CDCl5): 5 (ppm) = 144.8 (dm, *Jr.c = 250 Hz), 140.8 (dm,
Lk = 250 Hz), 137.9, 137.6 (dm, “Jr.c = 250 Hz), 135.4, 130.8, 128.4, 126.2, 125.7 (t, J&.
¢ = 3 Hz), 115.8 (tm, Je.c = 15 Hz), 65.3, 18.9. *°F NMR (470 MHz, CDCl5): & (ppm) = -
142.0 - -142.1 (m), -154.4 — -154.5 (m), -161.5 — -161.7 (m, 2F). HRMS (ASAP): Calcd.
for C14HoFsO 288.0574, Found: 288.0563.

OH F

F
H3C‘F‘F
F

(3-3h):™ 93 mg, 81% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.28-
7.27 (m, 2H), 7.20-7.18 (m, 2H), 6.17 (s, 1H), 3.20 (s, 1H), 2.37 (s, 3H). *C{*H} NMR
(125 MHz, CDCls): & (ppm) = 144.6 (dm, 'Jr.c = 250 Hz), 140.7 (dm, 'Je.c = 250 Hz),
138.2, 137.7 (dm, 'Jg.c = 251 Hz), 137.6, 129.4, 125.3, 117.1 (tm, Je.c = 15 Hz), 67.5,
21.0. F NMR (470 MHz, CDCls): & (ppm) = -143.1 — -143.2 (m, 2F), -155.1 (t, J = 21
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Hz, 1F), -161.7 — -161.8 (m, 2F). HRMS (ASAP): Calcd. for C14HoFsO 288.0574, Found:
288.0563.
OH F

Pt
H3CO F F
F

(3-3i):71 86 mg, 71% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.30-
7.28 (m, 2H), 6.88-6.85 (m, 2H), 6.14 (s, 1H), 3.79 (s, 3H), 3.24 (s, 1H). “*C{*H} NMR
(125 MHz, CDCls): & (ppm) = 159.5, 144.6 (dm, *Jg.c = 250 Hz), 140.7 (dm, Jr.c = 250
Hz), 137.6 (dm, *Jr.c = 250 Hz), 132.7, 126.8, 117.2 (tm, Jr.c = 15 Hz), 114.0, 67.3, 55.2.
F NMR (470 MHz, CDCls): & (ppm) = -143.2 — -143.3 (m, 2F), -155.2 (t, Jr = 21 Hz,
1F), -161.7 — -161.8 (m, 2F). HRMS (ASAP): Calcd. for C14HgFsO, 304.0523, Found:
304.0512.
OH F

HsCO O F
F ‘ F
F

(3-3j): 86 mg, 71% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.28-
7.25 (m, 1H), 6.97 (s, 1H), 6.92-6.91 (m, 1H), 6.85-6.83 (m, 1H), 6.17 (s, 1H), 3.80 (s,
3H), 3.01 (s, 1H). ®*C{*H} NMR (125 MHz, CDCl3): 5 (ppm) = 159.9, 144.6 (dm, "Jrc =
250 Hz), 142.3, 140.8 (dm, “Je.c = 250 Hz), 137.6 (dm, “Jr.c = 250 Hz), 129.8, 117.6,
116.9 (tm, Je.c = 15 Hz), 113.3, 111.3, 67.3, 55.3. **F NMR (470 MHz, CDCls): & (ppm) =
-143.0 — -143.1 (m, 2F), -154.7 (t, Jz = 21 Hz, 1F), -161.5 — -161.6 (m, 2F). HRMS
(ASAP): Calcd. for C14HoFs0, 304.0523, Found: 304.0509.
OH F

F
\N‘F:F
| F

(3-3k): 108 mg, 85% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.26-7.24
(m, 2H), 6.74-6.73 (m, 2H), 6.13 (s, 1H), 2.96 (s, 6H), 2.77 (s, 1H). *C{*H} NMR (125
MHz, CDCls): & (ppm) = 150.2, 144.5 (dm, Je.c = 250 Hz), 140.5 (dm, “Jr.c = 250 Hz),
137.6 (dm, “Jr.c = 250 Hz), 128.7, 126.7, 117.4 (tm, Jec = 15 Hz), 112.7, 67.9, 40.7. *°F
NMR (470 MHz, CDCls): & (ppm) = -142.9 — -143.0 (m, 2F), -155.6 (s, 1F), -161.5 — -
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161.6 (m, 2F). HRMS (ASAP): Calcd. for CisHiFsNO [M+H]™ 318.0912, Found:
318.0903.
OH F

(0
OHC F F
F

(3-31): 97 mg, 80% yield, white solid. 'H NMR (500 MHz, CDCls): & (ppm) = 10.00 (s,
1H), 7.90-7.88 (m, 2H), 7.59-7.58 (m, 2H), 6.33 (s, 1H), 2.91 (s, 1H). *C{*H} NMR (125
MHz, CDCls): & (ppm) = 191.9, 147.2, 144.7 (dm, 'Jr.c = 250 Hz), 141.2 (dm, *Jg.c = 250
Hz), 137.7 (dm, “Jr.c = 250 Hz), 136.0, 130.1, 126.0, 116.4 (tm, Jr.c = 15 Hz), 66.7. °F
NMR (470 MHz, CDCl3): & (ppm) = -142.6 — -142.7 (m, 2F), -153.3 (m, 1F), -160.7 — -
160.8 (m, 2F). HRMS (ASAP): Calcd. for C14H;Fs0, [M+H]* 303.0439, Found: 303.0430.

OH F
Pl
F F

£
(3-3m):B 91 mg, 70% vyield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 8.04 (d,
J =9 Hz, 1H), 7.91-7.85 (m, 1H), 7.85 (d, J = 10 Hz, 1H), 7.61 (d, J = 8 Hz, 1H), 7.58-
7.51 (m, 2H), 7.49-7.46 (m, 1H), 6.85 (s, 1H), 2.94 (s, 1H). *C{*H} NMR (125 MHz,
CDCls): & (ppm) = 145.0 (dm, *Jr.c = 250 Hz), 141.9 (dm, YJe.c = 250 Hz), 137.7 (dm, *Jx.
¢ = 250 Hz), 134.9, 133.9, 130.3, 129.4, 129.0, 126.8, 125.9, 125.1, 123.9 (t, Jr.c = 2 Hz),
122.7, 116.1 (tm, Jec = 15 Hz), 65.2. *°F NMR (470 MHz, CDCls): & (ppm) = -142.0 — -
142.1 (m, 2F), -154.2 (t, Jz = 21 Hz, 1F), -161.3 — -161.4 (m, 2F). HRMS (ASAP): Calcd.
for C17HgFs0 324.0574, Found: 324.0561.

(3-3n): 90 mg, 82% vield, white solid. *H NMR (500 MHz, CDCls): § (ppm) = 8.59 (d, J
= 4 Hz, 1H), 7.72-7.69 (m, 1H), 7.30-7.28 (m, 1H), 7.16 (d, J = 8 Hz, 1H), 6.17 (s, 1H),
5.52 (s, 1H). *C{*H} NMR (125 MHz, CDCls): & (ppm) = 157.3, 147.9, 145.3 (dm, *Jr.c
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= 250 Hz), 141.1 (dm, YJr.c = 250 Hz), 137.6 (dm, Je.c = 250 Hz), 137.3, 123.2, 120.4,
116.7 (tm, Jec = 18 Hz), 65.5. *°F NMR (470 MHz, CDCls): § (ppm) = -143.3 — -143.4
(m, 2F), -154.3 — -154.4 (m, 1F), -161.7 — -161.9 (m, 2F). HRMS (ASAP): Calcd. For
C12HsFsNO [M+H]* 276.0442, Found: 276.0435.

OH F

£
(3-30): 90 mg, 80% vyield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 4.66 (d, J =
9 Hz, 1H), 2.45 (s, 1H), 2.16-2.13 (m, 1H), 1.83-1.78 (m, 2H), 1.68-1.66 (m, 2H), 1.29-
1.13 (m, 4H), 1.05-1.03 (m, 1H), 0.96-0.88 (m, 1H). *C{*H} NMR (125 MHz, CDCl5): &
(ppm) = 144.7 (dm, *Je.c = 250 Hz), 140.3 (dm, YJr.c = 250 Hz), 137.4 (dm, Jrc = 250
Hz), 116.5 (tm, Jr.c = 16 Hz), 71.4, 43.3, 29.7, 28.9, 26.1, 25.6, 25.5. °F NMR (470 MHz,
CDCls): & (ppm) = -142.9 — -143.0 (m, 2F), -155.7 (t, Jr = 19 Hz, 1F), -162.2 — -162.3 (m,
2F). HRMS (ASAP): Calcd. for C13H13FsO [M-H]* 279.0803, Found: 279.0800.
OH F
Ph™ "X

(3-3p): 101 mg, 84% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.40-
7.38 (m, 2H), 7.36-7.33 (m, 2H), 7.30-7.27 (m, 1H), 6.71-6.68 (m, 1H), 6.55-6.50 (m, 1H),
5.75 (d, J = 6 Hz, 1H), 2.57 (s, 1H). *C{*H} NMR (125 MHz, CDCls): & (ppm) = 144.8
(dm, YJe.c = 250 Hz), 140.8 (dm, “Jr.c = 250 Hz), 137.7 (dm, YJr.c = 250 Hz), 135.7, 132.8,
128.6, 128.4, 127.5, 126.7, 116.1 (tm, Jrc = 15 Hz), 66.9. *°F NMR (470 MHz, CDCl5): &
(ppm) = -143.4 — -143.5 (m, 2F), -154.9 (t, J; = 20 Hz, 1F), -161.7 — -161.8 (m, 2F).
HRMS (ASAP): Calcd. for C15HeFsO 300.0574, Found: 300.0564.
OH F

F
(3-3q): 77 mg, 76% vyield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 5.13-5.10
(m, 1H), 2.34 (s, 1H), 1.94-1.88 (m, 1H), 1.68-1.59 (m, 2H), 0.96-0.93 (m, 6H). *C{*H}
NMR (125 MHz, CDCls): & (ppm) = 144.7 (dm, “Je.c = 250 Hz), 140.4 (dm, *Jg.c = 250
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Hz), 137.5 (dm, YJg.c = 250 Hz), 117.4 (tm, Je.c = 15 Hz), 64.7 (m), 45.8, 25.1, 22,5, 22.1.
F NMR (470 MHz, CDCl3): & (ppm) = -144.2 — -144.3 (m, 2F), -155.6 — -155.7 (m, 1F),
-161.9 — -162.1 (m, 2F). HRMS (ASAP): Calcd. for Cy1H11FsO [M-H]" 253.0646 , Found:
253.0643.

OH F
F
o O
F F
OCH, F

(3-3r): 114 mg, 86% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.95-
7.93 (m, 2H), 7.45-7.43 (m, 2H), 6.26 (s, 1H), 3.87 (s, 3H), 3.80 (s, 1H). *C{*H} NMR
(125 MHz, CDCls): & (ppm) = 167.1, 145.9, 144.7 (dm, “Jr.c = 250 Hz), 141.0 (dm, Jrc =
250 Hz), 137.6 (dm, YJg.c = 250 Hz), 129.8, 129.4, 125.4, 116.7 (tm, Jr.c = 17 Hz), 66.5,
52.3. *F NMR (470 MHz, CDCly): & (ppm) = -142.7 — -142.8 (m, 2F), -154.3 (t, Jr = 21
Hz, 1F), -161.4 — -161.5 (m, 2F). HRMS (ASAP): Calcd. for C15HgFs03 [M+H]* 333.0545,
Found: 333.0535.

OH F
HaC
4
F F
F

(3-3s): 81 mg, 70% yield, colorless oil. *"H NMR (500 MHz, CDCls): & (ppm) = 7.36-7.27

(m, 5H), 2.82 (s, 1H), 2.01 (t, J = 4 Hz, 3H). *C{*H} NMR (125 MHz, CDCls): & (ppm) =

146.8, 145.2 (dm, *Jr.c = 250 Hz), 140.5 (dm, YJr.c = 250 Hz), 137.9 (dm, *Jr.c = 250 Hz),

128.6, 127.7, 124.1, 120.7 (tm, Je.c = 14 Hz), 76.9, 31.7 (t, Jr.c = 6 Hz). **F NMR (470

MHz, CDCls): & (ppm) = -139.0 — -139.1 (m, 2F), -155.0 — -155.1 (m, 1F), -161.6 — -

161.8 (m, 2F). HRMS (ASAP): Calcd. for C14HgFsO [M-OH]" 271.0541, Found: 271.0534.
OH F

H4C
L
Cl F F
F

(3-3t): 92 mg, 71% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.32-7.26
(m, 4H), 3.02 (s, 1H), 1.99 (t, J = 4 Hz, 3H). *C{*H} NMR (125 MHz, CDCl5): & (ppm) =
145.4, 145.2 (dm, Jg.c = 250 Hz), 140.6 (dm, *Jg.c = 250 Hz), 138.9 (dm, Jr.c = 250 Hz),
133.6, 128.7, 125.7, 120.1 (tm, Je.c = 15 Hz), 76.5, 31.7 (t, Jr.c = 6 Hz). **F NMR (470
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MHz, CDCls): & (ppm) = -138.9 — -139.1 (m, 2F), -154.4 — -154.5 (m, 1F), -161.2 — -
161.4 (m, 2F). HRMS (ASAP): Calcd. for C14HgFsCIO 322.0184, Found: 322.0172.
OH

HsC
Sl
B

,
(3-3u): 89 mg, 61% vield, colorless oil. *H NMR (500 MHz, CDCls): § (ppm) = 7.88-7.86
(m, 1H), 7.53-7.51 (m, 1H), 7.42-7.39 (m, 1H), 7.19-7.16 (m, 1H), 3.27 (s, 1H), 2.11 (t, J
= 3 Hz, 3H). ®¥C{*H} NMR (125 MHz, CDCls): & (ppm) = 145.2 (dm, “Jr.c = 250 Hz),
144.4, 140.6 (dm, “Jr.c = 250 Hz), 137.7 (dm, “Jr.c = 250 Hz), 134.6, 129.5, 127.7, 126.7
(t, Jr.c = 2 Hz), 120.1, 119.7 (tm, Je.c = 15 Hz), 76.2, 28.9 (t, Jr.c = 4 Hz). *°F NMR (470
MHz, CDCls): & (ppm) = -139.1 — -139.2 (m, 2F), -155.4 — -155.5 (m, 1F), -162.3 — -
162.5 (m, 2F). HRMS (ASAP): Calcd. for C14HgFsBrO 365.9679, Found: 365.9668.
OH

Ph
St

(3-3v): 84 mg, 60% yield, colorless oil. 'H NMR (500 MHz, CDCls): & (ppm) = 7.38-7.36
(m, 6H), 7.31-7.29 (m, 4H), 3.56 (s, 1H). *C{*H} NMR (125 MHz, CDCls): & (ppm) =
145.1 (dm, YJe.c = 250 Hz), 144.3, 140.7 (dm, *Je.c = 250 Hz), 138.1 (dm, *J.c = 250 Hz),
128.4,128.3, 126.9, 121.1 (tm, Jr.c = 12 Hz), 80.9. *°F NMR (470 MHz, CDCls): & (ppm)
= -136.4 — -136.5 (m, 2F), -154.5 — -154.6 (m, 1F), -161.5 — -161.7 (m, 2F). HRMS
(ASAP): Calcd. for C19H11Fs0O 350.0730, Found: 350.0719.

OH

Ph
(:E\I\CGFS
F

(3-3w): 93 mg, 63% vield, colorless oil. 'H NMR (500 MHz, CDCl5): & (ppm) = 7.41-7.33
(m, 6H), 7.11-7.05 (m, 2H), 6.94-6.90 (m, 1H), 3.69 (s, 1H). *C{*H} NMR (125 MHz,
CDCl3): & (ppm) = 160.9 (d, Jr.c = 250 Hz ), 145.1 (dm, “Jec = 250 Hz), 142.5, 140.5
(dm, YJe.c = 250 Hz), 137.7 (dm, “Jr.c = 250 Hz), 131.9 (d, Jr.c = 11 Hz), 130.4 (d, Jrc =
9 Hz), 128.6, 128.5, 126.7, 124.0 (d, Jr.c = 3 Hz ), 119.9 (tm, Je.c = 15 Hz), 116.0 (d, Jrc
= 22 Hz), 78.5. *F NMR (470 MHz, CDCls): & (ppm) = -111.5 — -111.6 (m, 1F), -137.5 —
-137.6 (m, 2F), -154.6 — -154.7 (m, 1F), -161.8 — -161.9 (m, 2F). HRMS (ASAP): Calcd.
for C19H10FsO 368.0636, Found: 368.0625.
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OH

o

(3-3x): 76 mg, 71% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 2.38 (s,
1H), 2.08-2.00 (m, 4H), 1.86-1.69 (m, 3H), 1.63-1.59 (m, 2H), 1.35-1.27 (m, 1H). *c{*H}
NMR (125 MHz, CDCls): & (ppm) = 145.2 (dm, *Je.c = 250 Hz), 139.7 (dm, *Jg.c = 250
Hz), 137.8 (dm, YJr.c = 250 Hz), 121.6 (tm, Je.c = 12 Hz), 75.4, 37.3 (t, J..c = 4 Hz), 25.1,
21.4. F NMR (470 MHz, CDCls): & (ppm) = -140.1 — -140.2 (m, 2F), -156.5 — -156.6 (m,
1F), -162.1 — -162.2 (m, 2F). HRMS (ASAP): Calcd. for CyH11FsO 266.0730, Found:
266.0721.

F  OH
LT
F
F

(3-4a): 84 mg, 82% yield, colorless oil. 'H NMR (500 MHz, CDCls): & (ppm) = 7.42-7.36
(m, 4H), 7.34-7.30 (m, 1H), 7.05-6.98 (m, 1H), 6.26 (s, 1H), 2.97 (s, 1H). *C{*H} NMR
(125 MHz, CDCl3): & (ppm) = 146.1 (dm, “Jr.c = 250 Hz), 144.1 (dm, "Jr.c = 250 Hz),
140.7, 128.7, 128.2, 125.5, 122.7 (t, Jr.c = 15 Hz), 105.5 (t, Jr.c = 23 Hz), 67.9 (m). *°F
NMR (470 MHz, CDCls): & (ppm) = -138.5 — -138.6 (m, 2F), -143.6 — -143.7 (m, 2F).
HRMS (ASAP): calcd. for C;13HgF40 256.0511, Found: 256.0500.

(3-4b): 86 mg, 84% vield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.40-7.35
(m, 4H), 7.32-7.29 (m, 1H), 6.81-6.76 (m, 1H), 6.19 (s, 1H), 2.77 (s, 1H). *C{*H} NMR
(125 MHz, CDCl3): & (ppm) = 154.8 (dm, 'Jr.c = 250 Hz), 150.2 (dm, 'Jr.c = 250 Hz),
149.6 (dm, “Jg.c = 250 Hz), 141.1 (m), 137.3 (dm, “Jr.c = 250 Hz), 128.6, 128.0, 125.4 (t,
Jr.c = 1 Hz), 117.0 (tm, Jr.c = 19 Hz), 101.3 (m), 67.4 (m). °F NMR (470 MHz, CDCls):
& (ppm) = -117.8 — -117.9 (m, 1F), -132.4 — -132.5 (m, 1F), -135.2 — -135.3 (m, 1F), -
164.2 — -164.4 (m, 1F). HRMS (ASAP): calcd. for C13HgF40 256.0511, Found: 256.0499.

fsqe
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(3-4c): 76 mg, 80% vield, colorless oil. *H NMR (500 MHz, CDCl5): § (ppm) = 7.40-7.34
(m, 4H), 7.31-7.27 (m, 1H), 6.71-6.65 (m, 2H), 6.19 (s, 1H), 2.77 (s, 1H). *C{*H} NMR
(125 MHz, CDCls): & (ppm) = 162.2 (dt, *Jr.c = 250 Hz, Jr.c = 16 Hz), 161.1 (ddd, “Jrc =
250 Hz, Jr.c = 15 Hz, 11 Hz), 141.8, 128.5, 127.7, 125.5 (t, Jr.c = 1 Hz), 115.9 (td, Jr.c =
17 Hz, 5 Hz), 100.8 (dd, Jr.c = 54 Hz, 2 Hz), 67.2 (t, Jr.c = 3 Hz). °F NMR (470 MHz,
CDCly): & (ppm) = -108.1 — -108.2 (m, 1F), -111.1 — -111.2 (m, 2F). HRMS (ASAP):
calcd. for C,3HgF30 238.0600, Found: 238.0595.

F OH
(3-4d): 70 mg, 80% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.44-7.42
(m, 2H), 7.39-7.32 (m, 2H), 7.31-7.23 (m, 2H), 6.94-6.88 (m, 2H), 6.27 (s, 1H), 2.90 (s,
1H). BC{*H} NMR (125 MHz, CDCls): & (ppm) = 160.8 (dd, “Jr.c = 250 Hz, Jr.c = 8 Hz),
142.1, 129.6 (t, J.c = 11 Hz), 128.4, 127.6, 125.6 (t, J=.c = 1 Hz), 119.5 (t, Jr.c = 16 Hz),
112.0 (m), 67.6 (t, Jr.c = 3 Hz). °F NMR (470 MHz, CDCls): & (ppm) = -114.4 — -114.5

(m, 2F). HRMS (ASAP): calcd. for C13H10F,0 220.0694, Found: 220.0691.
F O

£
(3-4¢):283 69 mg, 79% yield, colorless oil. *H NMR (500 MHz, CDCl3): & (ppm) = 7.85-
7.83 (M, 2H), 7.64-7.61 (m, 1H), 7.51-7.47 (m, 2H), 7.28-7.20 (m, 2H), 7.17-7.12 (m, 1H).
BC{*H} NMR (125 MHz, CDCl3): & (ppm) = 191.9 (m), 158.4 (dd, *Jr.c = 250 Hz, Jrc =
2 Hz), 155.9 (dd, *Jr.c = 250 Hz, Jr.c = 2 Hz), 136.7, 133.8, 129.8 (d, Jr.c = 1 Hz), 128.6,
128.1 (dd, Je.c = 18 Hz, 7 Hz), 119.5 (dd, Je.c = 24 Hz, 9 Hz), 117.6 (dd, Je.c = 25 Hz, 8
Hz), 116.9 (dd, Je.c = 25 Hz, 4 Hz). **F NMR (470 MHz, CDCls): & (ppm) = -117.0 — -
117.1 (m, 1F), -117.6 — -117.7 (m, 1F). HRMS (ASAP): calcd. for Ci3HgF,0 [M+H]*
219.0618, Found: 219.0614.
F 0]

(3-4f):19* 60 mg, 75% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.85-
7.83 (m, 2H), 7.60-7.44 (m, 5H), 7.22-7.24 (m, 1H), 7.17-7.12 (m, 1H). *C{*H} NMR

113



Chapter 3

(125 MHz, CDCls): & (ppm) = 193.5, 160.1 (d, “Jr.c = 250 Hz), 137.4 (d, Jrc = 1 Hz),
133.5, 133.1 (d, Jr.c = 8 Hz), 130.7 (d, Jr.c = 3 Hz), 129.8 (d, Jr.c = 1 Hz), 128.5, 127.0 (d,
Jr.c = 15 Hz), 124.3 (d, Je.c = 4 Hz), 116.3 (d, Je.c = 21 Hz). **F NMR (470 MHz, CDCl):
8 (ppm) = -111.0 — -111.1 (m, 1F). HRMS (ASAP): calcd. for C13HsFO [M+H]" 201.0710,
Found: 201.0706.

i F OHCH3
CLC
£

(3-4g): 73 mg, 68% yield, colorless oil. *H NMR (500 MHz, CDCls): § (ppm) = 7.35-7.34
(m, 4H), 7.30-7.27 (m, 1H), 7.08-7.01 (m, 1H), 3.21 (s, 1H), 2.03 (t, J = 4 Hz, 3H). *C{*H}
NMR (125 MHz, CDCls): & (ppm) = 147.1, 146.4 (dm, *Jg.c = 250 Hz), 144.8 (dm, "Jr.c =
250 Hz), 128.5, 127.6, 126.1 (t, Jr.c = 12 Hz), 124.2, 105.2 (t, Jr.c = 22 Hz), 77.1, 31.5 (t,
Jrc = 7 Hz). ®F NMR (470 MHz, CDCls): & (ppm) = -138.5 — -138.6 (m, 2F), -139.6 — -
139.7 (m, 2F). HRMS (ASAP): calcd. for C14H10F40 [M-OH]* 253.0635, Found: 253.0630.

3.7.5 Single Crystal X-Ray Diffraction

Single crystals suitable for X-ray diffraction were selected, coated in perfluoropolyether
oil, and mounted on MiTeGen sample holders. Diffraction data were collected on Bruker
X8 Apex Il 4-circle diffractometers with CCD area detectors using Mo-Ko radiation
monochromated by graphite or multi-layer focusing mirrors. The crystals were cooled
using an Oxford Cryostream low-temperature device. Diffraction data were collected at
100 K. The images were processed and corrected for Lorentz-polarization effects and
absorption effects by employing the Bruker software packages. The structure was solved
using the intrinsic phasing method (SHELXT)*" and expanded using Fourier techniques.
All the non-hydrogen atoms were refined in anisotropic approximation, with hydrogen
atoms ‘riding’ in idealized positions, by full-matrix least squares against F* on all data,
using SHELX L2 software and the SHELXLE?! graphical user interface. Crystal data
and experimental details are listed in Table 3-S1; full structural information has been
deposited with the Cambridge Crystallographic Data Centre. CCDC-2045652 (3-3f),
2045653 (3-3l), 2045654 (3-3m), 2045655 (3-3n), and 2045656 (3-4d).
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Table 3-S1. Single-crystal X-ray diffraction data and structure refinements of 3-3f, 3-3lI,
3-3m, 3-3n, and 3-4d

Compounds 3-3f 3-3l 3-3m 3-3n 3-4d
CCDC number 2045652 2045653 2045654 2045655 2045656
Empirical formula C13HgBrFsO C14H;F50, Cy7HgFsO C1oHgFsNO Cy3H4oF,0
Formula weight (g 353.09 302.20 324.24 275.18 220.21
mol™)

Temperature (K) 100(2) 100(2) 100(2) 100(2) 100(2)

Radiation, A (A)
Crystal color, habit

Crystal size (mm®)
Crystal system

Space group
Unit cell dimensions
a(A)
b (A)
c(A)
a (9
B0

7 (9
Volume (A%

z

Calc. density (Mg m™)
e (mm)

F(000)

0 range (9

Reflections collected
Independent reflections
Minimum/maximum
transmission
Parameters / restraints
Goof on F?

Ry [1>20(1)]

wR? (all data)

Maximum/minimum
residual electron
density (e A)

Mo-Ka 0.71073
Colorless, block
0.17>0.26>0.34
Triclinic

P1

14.964(6)
19.077(8)
19.488(8)
90.142(12)
109.530(7)
106.160(7)
5008(4)

16

1.873

3.337

2752

1.493 - 26.370
165215
40933
0.486/0.533

2963 /208
1.003

0.0351

0.0755

1.476 / -0.515

Mo-Ka 0.71073
Colorless, block
0.57>0.55>0.28
Triclinic

P1

6.9938(7)
7.7520(8)
11.9114(12)
71.116(2)
87.313(2)
82.190(2)
605.36(11)

2

1.658

0.161

304

2.800 - 27.103
25240

2658
0.679/0.717

191/0

1.070

0.0388

0.1099
0.475/-0.204

Mo-Ka 0.71073
Colorless, block

0.30>0.33>0.41
Monoclinic

P2,/c

8.422(5)
23.486(13)
14.108(9)
90
99.583(17)
90

2751(3)

8

1.565

0.143

1312
1.701 - 26.369
62274

5627
0.621/0.702

618 /615
1.089

0.0945

0.2297

0.757/ - 0.594

Mo-Ka 0.71073
Colorless, block

0.54>0.39>0.23
Monoclinic

C2lc

22.136(7)
10.023(3)
9.945(3)

90
105.237(8)
90
2128.8(12)

8

1.717

0.170

1104

1.907 - 26.371
51503

2178
0.711/0.746

173/0

1.072

0.0300

0.0842
0.282/-0.194

Mo-Ka 0.71073
Colorless, block

0.44>0.35>0.22
Monoclinic

C2/c

20.058(3)
10.796(3)
9.2708(17)
90

98.046(8)

90

1987.9(7)

8

1472

0.117

912

2.051 - 26.372
15767

2035
0.691/0.746

148/0

1.037

0.0397

0.1057
0.484/-0.217
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Table 3-5. Parameters for hydrogen bonding in 3-3f, 3-3l, 3-3m, 3-3n and 3-4d

Donor(D)-H --Acceptor(A)® H--AA)* D--A(A) D-H --A (9

Compound 3-3f

O1-H1A --02 1.90 2.693(5) 157.4
02-H2A --03 1.87 2.702(6) 171.0
03-H3A --04 1.90 2.704(5) 160.2
04-H4A --01 1.97 2.765(6) 156.5
05-H5A --08 1.91 2.697(6) 156.2
08-H8A --07 1.86 2.681(6) 166.6
O7-H7A --06_1/11 2.02/2.07  2.703(14)/2.646(16) 138.4/125.4
06_1/11-H6_1/11 --05 1.87/1.84  2.700(19)/2.666(11) 171.0/166.8
09-H9A --012 1.95 2.698(6) 148.1
010-H10A --09 1.97 2.756(5) 155.7
011-H11A --010 1.95 2.711(6) 150.3
012-H12A --011 1.92 2.740(5) 166.1
013-H13A --014 1.88 2.690(5) 162.0
014-H14A --015 1.90 2.716(5) 163.0
015-H15A --016 1.89 2.699(6) 161.0
016-H16A --013 1.88 2.677(6) 158.8

Compound 3-3I

O1-H1--02 1.90 2.7412(16) 176.4

Compound 3-3m

01 _1-Hla 1--Ola 3 1.99 2.65(2) 1353
01 1-Hla 1--01 3 2.11 2.72(2) 129.1

Ola 3-Hlab 3--01 1 1.91 2.65(2) 145.6
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Ola_3-Hlab _3--Ola 1 1.82 2.41(3) 125.4
Compound 3-3n
O1-H1 --N1 1.95 2.7880(17) 1735
Compound 3-4d
O1-H1A --0O1 2.16 2.9815(17) 165.4
O1-H1B --01 2.04 2.8661(16) 167.3

(2T he donor—H distance was constrained to be 0.84 A for all H atoms. H atoms were refined riding
in idealized positions.

Table 3-6. Aryl---aryl (r---n) distances (A) and angles (9 in 3-3f, 3-31, and 3-3m at 100 K

Aryl---aryl Centroid- Interplanar Offset shift ® Plane
centroid separation normal
distance angle

Compound 3-3f

Arg--Arg 3.648(4) 3.529(5)/3.330(7) 0.924(11)/1.490(12) 9.6(3)

Argpp--Arg 3.536(4) 3.470(4)/3.284(5) 0.682(9)/1.311(8) 11.04(19)

Argz--Arg 3.800(4) 3.570(5)/3.348(6) 1.301(11)/2.797(9)  9.9(2)

Argrg--Arg 3.648(4) 3.525(5)/3.386(6) 0.940(11)/1.357(10) 9.5(2)

Args--Arg 3.657(3) 3.538(4)/3.362(5) 0.927(9)/1.439(9) 8.75(19)

Argre 1--Alf 3.694(14) 3.640(14)/3.687(14)  0.631(14)/0.23(5) 10.7(8)

Arge -Are  3.719(15)  3.717(14)/3.682(14)  0.12(5)/0.518(15)  9.9(8)

Arg7---Arg 3.783(5) 3.285(8)/3.659(6) 1.875(12)/0.959(13) 16.8(3)

Argg---Arlg 3.523(4) 3.416(4)/3.514(4) 0.729(10)/0.25(1) 8.0(2)

Argo---Arlg 3.674(5) 3.494(6)/3.276(8) 1.138(12)/1.663(12) 8.9(3)

Argrio--AlE 3.719(4) 3.528(5)/3.317(5) 1.179(10)/1.682(9)  11.43(19)

Argrp--Al 3.728(4) 3.554(5)/3.362(5)  1.128(10)/1.611(9) 8.8(2)

Argo--Al 3.564(4) 3.484(4)/3.343(6)  0.754(11)/1.237(10) 9.7(2)

Argiz-AlE 3.739(4) 3.357(6)/3.635(4) 1.646(10)/0.877(10) 13.3(2)

117



Chapter 3

Argrig--Alg 3.610(4) 3.593(4)/3.523(4) 0.35(1)/0.788(10) 12.5(2)
Argpis--Arg 3.706(5) 3.559(5)/3.281(7) 1.034(12)/1.723(11) 12.9(3)
Argig--Arg 3.592(4) 3.577(4)/3.539(4) 0.330(9)/0.614(9)  4.96(19)
Compound 3-3I

Ar---Ar 3.6667(10)  3.3379(13) 1.5176(19) 0.00(7)
Arg Al 4.6778(14)  3.375(2) 3.238(3) 0.00(1)
Compound 3-

3m°

Arg--Arg 3.650(3) 3.637(3)/3.564(3) 0.305(7)/0.787(6) 16.05(13)
Ar--Are 4 3.538(3) 3.448(3)/3.357(4) 0.794(5)/1.119(7)  6.47(13)
Arg-Are (T--T)  3.886(3) 3.613(4)/3.416(5) 1.431(5)/1.854(7)  6.89(13)
Compound 3-3n

Arg Al 4.2972(15)  3.193(2) 2.876(2) 0.0(5)
Compound 3-4d

Ar--Ar 4.8860(13)  3.177(3) 3.712(2) 0.00(1)
Arye -Arye 45100(14)  3.358(2) 3.010(3) 17.65(7)

B The offset shift, also called inter-centroid shift, is the distance within a plane of an aryl ring
between the centroid of the respective aryl ring and the intersection point with the normal to the
Plane through the centroid of the other aryl ring.

°l Only interactions with the main parts (85%) of the disordered (d) pentafluorophenyl and
naphthalene moieties are reported here.

3.7.6 Computational Methods

(Computations have been made by Prof. Xiaoling Luo) All the calculations were
performed with the Gaussian09 programs.*" The geometries of the different structures
were optimized at the DFT level using the B3-LYPpL*6] hybrid functional with 6-31+G(d)
basis set. Frequency analysis was carried out at the same level to verify the stationary
points as an intermediate or transition state and to obtain the thermodynamic energy
corrections assuming a standard state of 1 atm and 298.15 K. Intrinsic reaction coordinates

(IRC)*" were calculated to confirm the connection between the transition state and the
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correct reactant/product. The solvent effects were taken into consideration by single point

D" continuum salvation

calculations of the gas-phase stationary points with the SM
model. To obtain more accurate energy information, single-point calculations were carried
out with the M06°! functional and 6-311++G(d,p) basis set in toluene solvent (using the
SMD solvent model). All of the three-dimensional molecular diagrams of the molecules

were generated with CYLView.?!

Table 3-7. Absolute calculated electronic energies, correction of enthalpies, and free

energies
Geometry E(elec-B3LYP)l G(corr-B3LYP)2 H(corr-B3LYP)3 Emos loluene)4 IF°

6 -2602.91354 0.19189 0.276362 -2602.613003

7-ts -2602.862623 0.187452 0.27543 -2602.566437 -135.94
8 -2602.899113 0.183295 0.276536 -2602.586769
9 -2948.493833 0.283666 0.395715 -2948.028436

10-ts -2948.48623 0.2872 0.395038 -2948.022579 -104.87
11 -2948.514631 0.289305 0.397303 -2948.048797

12-ts -2948.483194 0.291873 0.396411 -2948.029586 -71.99
13 -2948.526205 0.29542 0.397854 -2948.072049

14-ts -4087.664887 0.503267 0.650296 -4086.926819 -74.41
15 -4087.674391 0.503786 0.651069 -4086.934931

16-ts -4087.667933 0.502938 0.650055 -4086.930499 -106.81
17 -1484.742692 0.286987 0.373107 -1484.297391
18 -2503.68739 0.201261 0.283462 -2503.387159

19-ts -2503.634465 0.196446 0.282443 -2503.338675 -135.57
20 -2404.458457 0.210645 0.290577 -2404.158042

21-ts -2404.40159 0.205886 0.289656 -2404.105012 -137.3
22 -2305.218418 0.220156 0.297974 -2304.918703

23-ts -2305.159478 0.215332 0.297033 -2304.863907 -141.31
24 -2205.970598 0.228529 0.305459 -2205.671805

25-ts -2205.908151 0.223326 0.304145 -2205.612351 -104.72
26 -2205.963365 0.228374 0.305711 -2205.664144

27-ts -2205.892339 0.222338 0.304343 -2205.595884 -114.48
28 -1402.96216 0.191335 0.268364 -1402.767999
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29-ts
30
31

32-ts
33

34-ts
35

-1402.951039
-675.200515
-727.84762
-1073.433312
-1073.441942
-1748.560884
-1748.578555

0.18894
0.156661
0.011433
0.110004
0.113864
0.292987
0.295372

0.266972
0.211906
0.055189
0.173384
0.175008
0.387263
0.389196

-1402.754229
-675.04524
-727.754167
-1073.176777
-1073.188879
-1748.200815
-1748.223167

-132.93

-121.88

-108.2

! The electronic energy calculated by B3-LYP/6-31+g(d) in gas phase. * The thermal
correction to Gibbs free energy calculated by B3-LYP/6-31+g(d) in gas phase.  The
thermal correction to enthalpy calculated by B3-LYP/6-31+g(d) in gas phase. * The
electronic energy calculated by M06/6-311++G(d,p) in toluene. > The B3-LYP calculated

imaginary frequencies for the transition states.

B3LYP geometries for all the optimized compounds and transition state.

OIIIOIIIOIIIOOOONOOOOOOOOWOOONA?TD

-2.27197500 0.88043600 -1.53236400

-2.65585600
-1.50658800
-1.52181800
-0.82930300
0.81156600
1.57578400
1.54782400
2.93231300
2.90348000
3.60583200
-1.03623900
-0.02050700
0.33486200
0.33160600
-3.88967900
-4.81443900
-4.00876800
-3.76934400
-2.86422200
-3.13209500
-3.67923300
-1.95640700
-3.46281000
-3.10237700
-4.12221100
-4.05557800
-1.37274000

-0.62458300
-1.11901800
1.20667900
-0.00536400
-0.00311700
1.16182700
-1.16102800
1.20292500
-1.18470400
0.01408700
-0.09693500
-0.16995300
-1.32923400
0.93346200
-0.76451400
-0.45330500
-1.81920100
-0.18045300
-1.46237000
-2.49061300
-1.05863100
-1.50483400
1.83876300
2.85735100
1.56149300
1.85240900
1.05628800

-1.26977200
-0.57012800
-0.35807100
0.14312500
-0.20654500
-0.26982500
-0.45624800
-0.58179700
-0.77289900
-0.84209000
1.60633000
2.61978200
2.92791100
3.09209100
-0.35566100
-0.85606700
-0.07493400
0.56199600
-2.53519300
-2.26257100
-3.14923800
-3.14221000
-1.63913700
-1.82798000
-2.47087500
-0.71940700
-2.77092000
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-1.92916100
-0.96944700
-0.52928100
1.00950400
3.59563500
4.91280700
3.53950500
0.95227900
-1.04721800
-1.04337900

0.46292300
0.93411000
0.87683100
0.74813000
0.85999100
-1.31576800
-2.26133100
-1.86771100
-3.64089400
-3.22770800
-4.12723600
1.51143300
2.83025300
3.66663800
3.09202800
2.39361100
2.52668100
2.67368000
3.07010100
0.03030000
0.41221200
0.01638800
-0.99545900
1.24801100
0.87359700
1.12174100
2.31424600
-1.04009200
-1.29525600
-1.31041400
-1.64393300
-1.86829200
-4.52419900
-5.45583100

0.90706000
2.07510200
0.35996600
2.37975900
2.37278600
0.02264500
-2.34771000
-2.39118300
-2.87445200
2.67075900

2.80457500
2.36303100
0.91600700
1.63109200
0.54819300
-0.51892500
-0.08870200
-1.09607000
-0.16870500
-1.21845600
-0.73266400
-0.64889100
-0.92611000
-0.00183500
-2.18298700
2.73219200
3.81639300
2.26678300
2.35019600
2.83613500
2.44826600
3.93156600
2.47979900
3.97521600
4.18332900
4.88282900
3.74801700
3.10287600
4.03636500
3.20420500
2.29651200
0.45997600
0.27623100
-0.82835800

-3.70377100
-2.77334300
-2.75615700
-0.00637500
-0.63053400
-1.14748600
-1.00564700
-0.38382100
1.41987500
1.79668500

-0.28914600
1.16428300
1.09949800

-1.08854900

-0.24076000
-0.33293200
-1.25197100
0.79104800
-1.05798600
1.06731000
0.12163900
-0.66281000
-0.45547200
-0.32608100
-0.43336200
1.47641400
1.57357700
2.42853100
0.70696100
2.30474800
3.25580400
2.36603700
2.18548300

-0.88729600

-1.89564900

-0.28394900

-0.96396200
-0.38850800
0.12697000
-1.44443900
0.03300100

-2.44177900

-1.98186400
0.33350600

121



Chapter 3

O C AR X T M T M AMIIIOIIIOIIIOIIIOOOOOOOOO0OO0OOWOOOO®XxXxTm

-3.69504800
-1.01943300
5.61649200
0.45353000

5.27663600
5.40606700
4.12362500
3.83438000
3.24118600
-3.10863500
-4.37302000
-3.02269700
-5.47480000
-4.04871500
-5.30537500
1.89177800
1.06562400
1.37994000
0.03991600
5.49761700
6.46620600
5.37924300
4.70507100
6.51783300
6.50898800
7.50013300
6.38874600
5.95120700
5.77862700
7.03429900
5.55559600
5.70937700
6.79481400
5.41738500
5.22789800
-4.60299700
-6.69539600
-6.33777700
-3.84415100
-1.78009700
-1.19472100
-0.40122600

-1.80380000
-1.67657400
-1.62245000
-2.92102000

1.00011600
-0.48068100
-0.67871900

1.14029100

0.20198900

1.35634300

1.75597400

0.02479900

0.90413400
-0.90520200
-0.45243300

0.27594500
-0.83599600
-1.95077400
-0.49648300
-1.53551300
-1.49763500
-2.52811800
-1.40857800
-0.69971100
-1.74351300
-0.49181600
-0.06699400
1.25762500

2.29543300

1.10170600
0.60653200
2.06356700

2.06027400
3.05163200

1.91042000
3.06369700
1.34037300
-1.31272000
-2.24808800
-0.51937500
-2.64939000

1.89915500

-4.83159700 0.03947600

2.19687600
1.74561600
-0.19876500
-0.21376700

-0.46195400
0.08284100
0.74640200

-0.63301200
0.18236900

-0.42346400

-0.03626100

-0.71918100
0.06419200

-0.61153400

-0.22182000
0.43221300
0.76323300
0.31481000
1.40842900

-1.02858300

-1.53953600

-0.58281300

-1.77337500
1.10688100
1.43793600
0.66590700
1.98856800

-1.80756200

-2.11263500

-1.73613400

-2.59064200

0.55700400
0.70533400
0.18562200
1.52872800

0.31317600

0.44678400

-0.11097600

-0.83563000

-1.13495500
0.40126200
0.28674400

0.36536300
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-3.49213300
-2.43332400
-2.82305300
-4.12916000
-5.15007300
-0.37872300
-1.27348100
-0.44116900
0.62058800
-1.59250300
0.51966500
1.51168400
-1.68897500
-2.41496600
-0.63356800
1.34062500
-2.58369000
-0.70650500
-1.85890200
-4.43643200
-6.43029900
-5.81969700
-3.24472100
0.57984300
3.65752800
4.62415000
4.65022600
3.32079500
2.87710000
4.08528000
3.94488600
4.78897400
3.12057900
5.95184100
5.83277500
6.29170000
6.73099800
5.65526100
5.47767500
6.68824300
5.54061200
4.83004000
5.79602600
4.81309300
4.04022100

0.24315000
-0.53403600
-1.58400600
-1.88013400
-1.04698000

0.88334000

0.58003400

2.23293200
2.74491200
3.00967300
4.01975600
2.14438100
4.28654800

2.60399800
4.79065300
4.41833400

4.88211100

5.78474200
-2.46842500
-2.93252400
-1.28964000
0.84875200
1.35183000
0.12177200
0.84274600
0.58634500
-0.99420000
-1.34269300
-0.28772200
1.23626000
2.30785800
1.12321300
0.81270200
1.23396700
2.32221900
0.90220100
1.00304200
-1.62696700
-2.70628700
-1.45871100
-1.22988100
-1.58777200
-1.29241200
-2.68189100
-1.26755500

0.68414400
0.27153600
-0.52603000
-0.90604300
-0.44920900
-1.84999700
-2.42326600
-1.25529700
-0.48514200
-1.46242400
0.06988800
-0.32993100
-0.90766900
-2.04707200
-0.14099000
0.66043400
-1.06469900
0.29266300
-1.03805700
-1.69759100
-0.79055800
0.80924500
1.51118600
-1.76178100
0.57060500
-0.48781100
-0.54638300
-0.05939500
0.72954200
-1.76957700
-1.59133100
-2.60195000
-2.06457400
-0.09535100
-0.06045200
0.88859700
-0.83178500
0.42654800
0.46994000
0.10277300
1.44038800
-1.94256100
-2.36837800
-1.88306500
-2.62751400
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1.30141900
1.53720200
0.70973000
1.78250000
0.76793500
-0.65111500

-4.54637200
-3.33810500
-2.37179400
-2.67609700
-3.85607600
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-0.76476900

1.74961600
2.01912300
1.27412000
2.33988800
1.76417300
-1.99581800
-0.61411700
-0.08957700
-0.03394200
0.78774700
0.54018900
1.01287100
-0.08347700
3.21080500
3.33731000
3.04738000

1.08346800
0.54357300
2.31404300
1.76753800
2.65949600
-4.30212300
-4.35798900
-5.32399500
-3.76653700
-4.36864300
-5.32252300
-4.58903600
-3.81083000
-2.86481500
-2.40079300
-3.77627800
-2.16883900
-4.16184800
-5.13531600
-3.79170900
-4.31824800
-0.24473900
2.10261100
3.84150600
3.16966200
0.83402900
1.74635000
-0.89373800

-3.46780700
-3.40549000
-2.12794100
-2.01158200
-1.27282800
-0.07607300
-0.01434200
-0.76195200

0.70935700
-3.74545500
-4.81222400
-3.50212800
-3.15515400
-4.24202300
-4.11704100
-5.30833500

-0.96940900
1.13102300
-0.97800200
1.17100800
0.11001100
0.43269200
1.50371700
0.03523100
-0.05069900
0.91967200
0.40221200
1.95637800
0.93981900
-1.51895300
-2.50736100
-1.50778700
-0.77784900
-2.29032400
-2.18085800
-3.30015600
-2.20592600
2.21043200
2.23315200
0.13650800
-2.01065300
-2.06398200
3.20938700
-2.44852300

-1.39753700
0.16252000
-1.69321700
0.36008300
-0.67168700
0.93371500
0.87375800
-0.00844400
1.71292900
1.01768600
0.96150400
2.06158300
0.72332800
0.63476100
1.71561400
0.43508800
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4.14048500
0.68021300
0.53136200
0.98755900
-0.27815100
3.02337300
3.42350500
2.78646500
3.80272200
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4.15316200
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2.10582300
2.85620900
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2.87137600
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7.38486000
4.99711800
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3.99569800
5.50059400
5.91880700
0.66776800
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-1.32761000
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2.26292700
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-0.62499300
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0.25965400
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-0.91213400
-0.34583300
-0.71099900
-0.51674300
-2.90734500
-2.88944500
-2.25357400
-3.92429100
-4.75461200
-5.30918900
-4.93338300
-5.16256100
-2.74555200
-2.76760400
-3.38839200
-1.72027900
-4.09312600
-6.33453800
-7.83189400
-7.00332800
-4.76604700
-2.10589500
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-4.00064800
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-4.34511300
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-3.94744300
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-4.03728400
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-5.43252700
-6.17307300
-5.40350300
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-4.66239100
-3.86548800
-2.89700400
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3.65286000
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4.35822500
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4.31048600
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-2.49675000
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1.67069500
-1.24948800

-0.33220600
-0.34294100
0.50349600
-0.14139000
0.46139700
0.83778900
0.73613800
0.86803800
1.79328400
-1.65344200
-1.57174900
-1.87440400
-2.49418300
0.29644100
0.27563500
-0.26274800
1.33755300
-1.71066900
-2.38583000
-1.58659900
-2.18345300

-1.52756800
-2.20086200
-1.82961100
-0.51973300
-3.04012500
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-3.76339300
-3.18752600
-0.84298300
0.04993200
-1.62949100
-1.17617800
-0.06556500
-0.90435700
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0.85657300
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2.53663100
1.40871300
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-1.45008900
-1.16672400
-2.53765100
-1.18061600

134



Chapter 3

OmM™T T T TITIIOIOIOOOOIOOOOOOO

=
00]

T I T OO00O0OOOO0OO0OO0OTmOOoOOOoO

2.60390000
1.81963700
1.23235400
1.48173100
2.26668900
2.82783200
0.35641800
-0.08988000
1.16695500
1.12947700
1.97120900
1.89372100
0.50115500
2.73623700
1.99648300
2.69989000
1.85702700
3.35323000
3.29229800
0.96585600
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3.14727000
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2.58542700
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-1.68210000
-3.03954100
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-3.70415400
0.68595400
-0.41534000
-0.78394900
-0.82029800
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4.69137400
3.80148900
3.50838500

-1.72384700
-0.58738800
-0.27803700
-1.16563600
-2.30710600
-2.58912600
0.95886900
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2.25028300
3.09801200
2.59033400
4.26909800
2.84036200
3.75831200
1.94333600
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4.92183400
4.01202600
5.51306500
-0.92921200
-3.13274800
-3.68252700
-1.99046000
0.22024100
0.98132300

-0.89264300
0.61772200
1.11524500
-1.20841700
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-0.00315100
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1.15210900
-1.20463100
1.15355800
-0.03400200
0.11536700
0.19683700
1.35928100
-0.90321300
0.77429900
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1.83235400
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0.13173000
1.18086100
1.02775300
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0.33848800
1.33266000
0.28342600
-0.82874000
1.38061400
-0.84315700
-1.67427800
1.36375600
2.25573400
0.24864500
-1.71173400
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0.23379300
2.40495000
2.06353200
-0.38007600
-2.48045900
-2.15786800
-0.64404000

-1.34664000
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-0.49251100
-0.25634100
0.15995600
-0.35230900
-0.48610700
-0.68207100
-0.93223400
-1.13031100
-1.26912600
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2.55383800
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-0.02898800
-0.42934200
0.25223300
0.87670200
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2.92084000
3.15483800
3.79646900
2.08001000
3.43466300
3.09930800
4.17839500
3.92523800
1.47616800
2.12914300
1.08028000
0.63245200
-1.17662200
-3.68079300
-3.60164100
-1.09622900
0.70624300
0.66167000
-4.73211600

0.12417100
0.63787500
0.65748300
0.45936900
0.63969800
-1.50837300
-2.49882400
-2.00704700
-3.86466700
-3.35565200
-4.31844600
1.33629500
2.66490300
3.46492900
2.97599600
2.07973200
2.15567000
2.39807000
2.76508100
-0.27464400
0.14230000
-0.34983700
-1.27991300
0.83976800
0.43938100

1.44027000
2.47352500
1.03223000
1.46849300
-1.84664900
-2.86954800
-1.57893200
-1.84261500
-1.08756900
-0.94518200
-2.10875500
-0.39656700
-2.38804500
-2.39191300
2.32821300
2.38538700
2.89049100
-2.65403100
-0.04533900

2.78847800
2.37005800
0.92253600
1.63218700
0.55668700
-0.62278100
-0.23715600
-1.22972100
-0.39289000
-1.41442600
-0.98115100
-0.60868800
-0.83501400
0.12150600
-2.08041400
2.81656700
3.90623600
2.36544800
2.47270900
2.79245600
2.42794100
3.88544600
2.37794400
3.99875000
4.19026600

-2.31152900
-2.02689800
-2.83222100
-3.00894400
-1.31164300
-1.52211100
-2.07234000
-0.33345600
-2.67312000
-3.54243900
-2.70743600
-2.75787000
-0.15993300
-1.03449200
-1.42930800
-0.55728100
1.41887200
1.84669300
-1.61240900

-0.29409900
1.15225300
1.08506500
-1.09939700

-0.25483900
-0.30314000
-1.19568800
0.83238700
-0.95509300
1.12704600
0.22286300
-0.68988300
-0.48407400
-0.35622000
-0.46218100
1.44525500
1.54276700
2.39222100
0.66563700
2.30569300
3.25131200
2.36660400
2.20134500

-0.90046400

-1.90210100
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0.67746300
1.91477400
-1.39325100
-1.68724200
-1.68408600
-1.94904400
-2.16286500
-4.78063800
-3.74712700
-1.10621700
5.47290900
0.36403200
-5.37723100

2.14090500
2.48651400
1.27151300
1.27462500
0.52248800
-1.06495900
-1.83110100
-1.79666700
-3.14112200
-3.10509900
-3.75457500
0.59876100
-0.49425900
-0.87738200
-0.88018800
3.62364900
4.59512300
3.70958700
3.41611500
2.81388600
3.04006800
3.69165400
1.97123400
3.34251900
3.00823300
4.08335800
3.83703800
1.37835100
2.02738200
0.98696500
0.53131500

4.89719200
3.82593100
3.00928800
3.93014100
3.09386400
2.17434400
0.33525600
0.02186600
-2.02836900
-1.77114500
-1.42247700
-2.92031000
-1.10819700

-1.11386400
0.42358600
1.00991900
-1.23776900
0.02920800
-0.07197100
-1.23877000
0.99001900
-1.39791200
0.94525800
-0.27716300
0.38748700
0.63866900
1.82950800
-0.35628100
0.76214100
0.38441100
1.85361300
0.35948200
1.01776400
2.08662200
0.53270800
0.91833700

-2.04487200

-3.08938000

-1.91486300

-1.86928600

-1.53789000

-1.54520800

-2.55111100

-0.87450300

-0.29195800
-0.99466000
-0.37184800
0.14592400
-1.42373000
0.05943100
-2.39446600
-1.87314300
2.27988300
1.76553200
-0.21026600
-0.23513700
0.41819300

-1.19806800
-1.18342000
-0.70443600
-0.06802300
0.13097900
-0.36804500
-0.30657100
-0.90559600
-0.74686200
-1.37568400
-1.28658700
1.57079400
2.46483400
2.51508300
3.11886500
-0.19813900
-0.53886100
-0.11318100
0.79804100
-2.55760200
-2.45772500
-3.00361500
-3.24633900
-1.00164900
-1.02743100
-1.80047500
-0.04138800
-2.46836400
-3.35219100
-2.32355200
-2.66497400
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-1.27284000
-1.20373200

0.61074500

0.58093500
-5.03304700
-3.59463700
-3.65811800

-0.08195000
0.43722900
0.53324100
0.31133500
0.54114700

-1.58923500
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-2.12431800
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-3.46570400

-4.37890800
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-0.50921100

-0.08485900
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0.37524700
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-1.94325600

-1.89033100
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4.02953300
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2.82614200
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2.35542200
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4.03873600
4.84424400
3.79415400
2.86570400
3.79645200
2.88963100
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-1.32333500
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-1.77846400
-0.66173700
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0.01648800
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0.70271000
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-2.24566600
-3.30018100
-1.90223100
-1.62494300
-2.80318000
-2.50030800
-3.89021400
-2.57688700
-3.36483200
-3.48578200
-4.35038000
-3.01263900
-2.80225300
-3.76994900
-2.90057300
-2.02755600
-0.32370100
0.38579900
0.09655300
-0.94149400
-1.67936200
-1.37223700
0.74570400
0.40522300
2.28484500
3.09308300
2.89349400
4.48296700
2.61058200
4.28419000
2.27583700
5.08721900
5.09045000
4.73854300
6.17048200
-1.27848800
-2.68398900
-2.07967800
-0.00355300
1.39438000
0.29444700

-0.60021000
-0.56335800
-0.81115400
-0.29272500
1.24003700
1.18750700
2.27560000
0.61568000
1.80321600
2.83126800
1.72504800
1.62226600
-1.32662000
-2.39164800
-0.84487200
-1.24869200
-1.00422600
-0.54176600
-2.09168400
-0.67256500
-1.21896900
-0.91382900
0.20551600
1.01339200
0.72954900
-0.39884800
0.39579100
1.40223400
0.52883200
-0.06484100
1.28600400
0.09271400
-0.61152800
1.43492300
1.76537800
0.83374100
-0.35803300
2.01850600
0.95057600
2.15539200
1.54758900
-0.69947600
-2.30395700
-1.74544200
-0.60464200
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w
(8]

T I ITOIOIOOOOIOOOOO0OO0O0O0OIIIIOIIIOIIIOIIIO0OOONO0OWmMmOOoOOnOH

3.17789600
2.83728200
2.74973800
1.74129200
1.70472300
1.70023300
2.69738400
2.31754000
3.82471800
3.99231500
4.87645400
3.63878300
4.25050100
2.41261600
2.16712000
3.22199900
1.52545100
4.67610100
4.81770100
5.08698500
5.23746500
2.39743900
2.72241600
2.56610400
1.32303200
-2.34071200
-1.83368600
-1.44417600
-1.61443700
-2.11914100
-2.47923000
-0.76484100
-0.47889100
-1.75524500
-1.34095800
-3.05028500
-2.20402200
-0.33151500
-3.91628700
-3.38479500
-3.49700600
-1.86335400
-4.91697600
-4.16814900

0.05272200
1.27642100
-1.07358400
0.79911600
-0.69858700
-1.36718100
-1.47131500
-2.09144200
-0.96157900
1.62117000
2.01254800
2.39671600
0.73834000
2.55883700
3.33423900
2.94437900
2.39354200
-0.11024500
-0.98075000
0.77414500
-0.28742900
0.10596100
0.93324400
-0.83917300
0.19302100
2.18533100
0.89091700
0.28834300
1.05756700
2.35828900
2.92756900
-1.10603600
-1.30652200
-2.19836200
-3.18899300
-2.27727300
-4.22751100
-3.11425300
-3.31438400
-1.52303800
-4.29667900
-4.98976500
-3.35707600
-5.10680800

-1.53301500
-0.57184700
-0.80513600
0.18003800
0.15506000
1.42563100
2.41721300
3.44404800
2.18115200
0.39199900
-0.13661900
1.08608700
0.98892600
-1.31425100
-0.57610900
-1.95341900
-1.93436400
-1.84256200
-2.49853000
-2.35377500
-0.92133000
-2.86998800
-3.51959400
-3.40339900
-2.68385200
-0.97670400
-0.91661700
0.28400700
1.43595700
1.40621000
0.19211700
0.31167900
1.35629400
-0.11164300
-1.01122700
0.42235500
-1.37427100
-1.40376600
0.06209500
1.13290900
-0.84269000
-2.07389300
0.49072900
-1.12501300
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O mMm T T T T

-1.31612900
-2.27607200
-2.97822200
-2.71629800
-1.74802300

0.35556800

0.55325900
3.06988700
4.18587400
2.73175200
0.22031600
-1.10110500

2.64806000
2.54694000
0.14523000
-2.15876700
-2.08151600
-0.48811000

3.7.7 Investigation of the Reaction Mechanism

(a) Reactivity test of acetophenone with pentafluorophenyl-Bpin and K,CO;

A mixture of acetophenone (0.04 mmol, 4.8 mg), pentafluorophenyl-Bpin (0.04 mmol, 6.7

mg) and K,COj3 (0.04 mmol, 5.5 mg, 1 equiv.) was dissolved in 0.7 mL C¢D¢ in a Young’s

tap NMR tube. The 'H and ''B NMR spectra of the mixture were recorded immediately.

Then, the mixture was heated at 120 °C for 4 h. They subsequently were studied by 'H and

"B NMR spectra, which revealed that the formation of product 3-3s-2 was observed.
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Figure 3-16. '"H NMR spectrum at 0 min (300 MHz, C¢Dg).
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Figure 3-18. "H NMR spectrum after 4 h heating (300 MHz, C¢Dy).
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Figure 3-19. "B NMR spectrum after 4 h heating (96 MHz, C¢Ds).

(b) HRMS data of intermediate 3-D
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Chapter 4

4. Base-Controlled Reactions of Polyfluorophenylboronates with DMF

4.1 Abstract

A novel protocol for the transition metal-free addition and annulation of
polyfluoroarylboronates with DMF 1is reported, which provides 3-aminoindoles and
tertiary amines. While exploring applications of this strategy in synthesis,

propargylamines were generated in high yields.

4.2 Introduction

Indole heterocycles are present in numerous natural products, pharmaceuticals, and
bioactive compounds. ''! Among numerous indole derivatives, 3-amino-indoles have many
applications in medicinal chemistry as effective anticancer agents, compounds with
analgesic properties, potent inhibitors of tubulin polymerization, and agents for the
prevention of type II diabetes. *! Due to their enormous importance, a variety of synthetic
methodologies have been developed in recent years. For example, in 2010, Gevorgyan et
al. ¥ reported the copper-catalyzed three component coupling reaction via isomerization

of 3-amino-indoline intermediates. Beller et al.

reported that these important
compounds can be generated from a cascade cyclization reaction starting from
arylhydrazines and propargylic amides. Miura ez al.”! used a copper catalyst system and

Liu et al!®

used a rhodium complex a precatalyst to obtain 3-amino-indole derivatives
starting from o-alkynyl-anilines and electrophilic nitrogen sources. However, the reported
examples all need transition metal complexes as a catalyst. The direct installation of an
amino group into an indole skeleton offers another synthetic strategy for generating these
compounds. In 2017, Wang et al. disclosed the direct introduction of a 3-amidation step
using N-[(benzenesulfonyl)oxy]amides as an electrophilic nitrogen source.l”’ Very recently,
Moriyama et al. introduced the Cu-catalyzed oxidative 3-amination of indoles.™ Although
significant advances that have been achieved in this field, some inherent drawbacks of
these methodologies are evident, such as the requirement for multisteps to prepare the
starting materials and the use of a transition metal catalyst. In particular, transition metal-
free reactions are highly desirable in the pharmaceutical industry, because even trace

amounts of metal contamination in the final products are deleterious."”’ Propargyl amines

are a versatile class of building blocks in organic synthesis and medicinal chemistry.!'” In
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the last few decades, the synthesis of these important molecules has been extensively
investigated and these efforts resulted in several highly efficient methodologies,!'"! but the

development of other efficient methods is still desirable.

Scheme 4-1. Previous reports on the use of DMF as a synthon.

Meijere (2008)
Ti(OiPr)4 (0.03 equiv)

R' O : _ R R2
.N_< N 2R2MgBr Me3SiCl (1 equiv) N—< @
R" H THF, RT, 1h R R2
Lu (2016)
O .
CuCl (0.1 equiv) O O
@ . Me\NJ\H TBHP (3 equiv) T T
N . o N N (b)
\ Me 140 °C, 14 h / \
Me Me Me
Deng (2017)
O 2
o) Bu,NOTF (0.15 equiv) R
~ _R? g o .
X Me Benzoic acid (0.5 equiv) 2
R'l:_ + ’}l H R']:_ \ (C)
Z>NHR Me 140 °C, O, (1 atm) A ~N
R
Lin (2018)
R? CHO
=Z
Cu(TFA),.xH50 (20 mol%) N\
R-— - R— R2 (d)
ZNHR' DMF, 120 °C, O, , 24 h Z N
R1

Although typically having the role of solvents, DMF (N,N-dimethylformamide) has
attracted considerable attention as a multi-purpose reagent in organic synthesis.[m For
example, DMF can be used as a versatile synthon to introduce C,m] CH,[M] CH3,[15]
CcHO,"® cN,! oM NH,, ' and NMe,* groups. In 2008, Meijere and co-workers
disclosed the synthesis of tertiary alkylamines by the addition of Grignard reagents to N, N-
dialkylformamides, a reaction mediated by Ti(OiPr)s; and Me;SiCl (Scheme 4-1a).[21]
Utilization of DMF as a reagent to synthesize indole derivatives has also been widely

studied. In 2016, Lu and co-workers reported a Cu-catalyzed protocol for the synthesis of
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3,3’-diindolylmethane (DIM) and its derivatives, using DMF as a methyating agent
(Scheme 4-1b)." Recently, Deng and co-workers reported a facile protocol for
synthesizing 3-acylindoles, using DMF as a one-carbon synthon (Scheme 4-1c).*) The
cyclization of internal alkynes for the synthesis of C3-formylated indoles using DMF as
the formyl precursor under Cu(Il)-catalysis was reported by Lin and co-workers (Scheme
4-1d).2" The construction of indole derivatives from DMF still relies mainly on transition
metal catalysts, and the activation of DMF under transition-metal-free conditions would

represent a useful advance.

Multi-fluorinated arenes exhibit markedly altered properties compared to the parent
nonfluorinated molecules and are present in numerous, pharmaceuticals, agrochemicals,
and organic materials.l*”! Indeed, up to 30% of pharmaceuticals currently contain at least
one fluorine atom."*! Fluorinated arenes are not naturally occurring, and methods for the

4.7

synthesis of fluorine-containing compounds remain limited.””) A potential route to

partially fluorinated arene compounds involves the selective and controlled C-F
transformation of commercially-available polyfluoroarenes. The divergence of such
transformations has been expanded with the aid of transition metal catalysis, including
complexes based on Pd and Ni.** In 2006, Radius et al.** described the Ni-catalyzed
selective C-F activation of perfluorinated arenes for the synthesis of perfluorinated biaryls.

29b]

Marder and Radius er al.*™™ expanded their work and disclosed NHC Ni-catalyzed

Suzuki—Miyaura cross-coupling reactions between aryl boronate esters and
perfluorobenzenes. Recently, Zhang et al.”” demonstrated the Pd-catalyzed direct C—F
bond arylation of polyfluoroarenes and Pd-catalyzed ortho-selective C-F

hydrodefluorination of polyfluoroarenes. In 2011, Chatani et al.’" developed the Ni-

32a]

catalyzed Suzuki-Miyaura reaction of aryl fluorides while Ackermann et al.”*” used a Ni

complex and Xiong er al**"

[33a

used a Cu catalyst system to achieve C-F alkylation.

I'and Huang et al.®*"

Subsequently, Lu ef al. reported hydrogenolysis of aryl C—F bonds
using rhodium and ruthenium precatalysts. Mao and Walsh et al.®¥ then disclosed a
domino reaction of 2-fluorotoluenes and nitriles to synthesize indoles, which facilitated
intramolecular nucleophilic aromatic substitution reactions (SxAr). Despite the advances
that have been made in this field, further development of new complementary methods for

the activation of inert C-F bonds without transition metals would be desirable.
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We have been developing the C-F borylation of fluoroarenes using an NHC ligated Ni
complex as a precatalyst for generating fluorinated arylboronic acid pinacol esters (Arg-
Bpin) in good to excellent yields.”**" We have also reported optimized conditions for the
Suzuki-Miyaura cross-coupling reaction of Arg-Bpin with aryl iodides or bromides using a
combination of Cul and 1,10-phenanthroline as a catalyst precursor to generate cross-

[35¢]

coupling products in moderate to excellent yields. Furthermore, we reported the

palladium-catalyzed homocoupling of fluorinated arylboronates,”>"

and the copper-
catalyzed oxidative cross-coupling of electron-deficient polyfluorophenyl boronate esters
with terminal alkynes.’*) As a continuation of our studies on fluorine-containing

[351]

organoboronates, herein we report base-controlled reactions of

polyfluorophenylboronates with DMF.
4.3 Results and Discussion

4.3.1 Optimization of Reaction Conditions

We began our research by selecting pentafluorophenyl-Bpin (4-1a) and DMF (4-2a) as
model substrates. No reaction occurred when heating the mixture in the presence of
KOMe as a base (Table 4-1, entry 1). However, 20% of the desired product 4-4a was
obtained when AcOK was employed as the base (Table 4-1, entry 2). Encouraged by this
result, several bases were subsequently explored to enhance the yield of 4-4a (Table 4-1,
entries 3-5). These experiments revealed that the employment of K,COj as the base led to
significantly increased yields of 4-4a up to 92% (Table 4-1, entry 5). Interestingly, using
Bpin, as an additive gave rise to compound 4-3a in 12% yield (Table 4-1, entry 6).
Moreover, the ’F NMR spectrum of 4-3a clearly indicated that one fluorine atom was lost
during the reaction. The structure of compound 4-3a was unambiguously confirmed by
single-crystal X-ray diffraction vide infra. Encouraged by this result, we briefly screened
the use of bases to enhance the yield of compound 4-3a (Table 4-1, entries 7-13). The
experimental results revealed that the employment of DBU as the base significantly
increased the yield of 4-3a to 48% (Table 4-1, entry 13). Further experiments
demonstrated that the reaction temperature had a significant impact on the reaction
performance (Table 4-1, entry 14) as the target product was furnished in higher yields
(83%) at 90 'C. In addition, reaction optimization also revealed poor performance when

reactions were conducted under aerobic conditions (Table 4-1, entry 15). However, with
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DBU as the base, no reaction took place when B,pin, was absent (Table 4-1, entry 16),
indicating that B,pin, is an important additive for this annulation reaction. Different
solvents were then evaluated, giving a similar yield when toluene and THF were employed

(Table 4-1, entries 17-18).

Table 4-1. Optimization of the reaction conditions!”

Bpin o PN g I FF I F
F F U Base, Additive F \ O O
. e AN 70°C, 48 h . N | F r
L £ \ FN_ F
4-1a 4-2a 4-3a 4-4a
Entry Base Additive Yield 4-3a(%)™  Yield 4-4a(%)"™
1 KOCH; - 0 0
2 AcOK - 0 20
3 ‘BuONa - 0 72
4 K;5POy4 - 0 81
5 K,CO;3 - 0 92
6 K,CO;3 Bopin, 12 68
7 AcOK Bopin, 22 8
8 ‘BuONa B,pin, 10 5
9 K;5POy4 Bopin, 14 25
10 NEt; B,pin, 7 78
11 iPrNEt Bopin, 5 &3
12 DABCO B,pin, 32 36
13 DBU Bapin, 48 21
141°] DBU B,pin; 83 0
1514 DBU B,pin, 11 0
16 DBU - 0 0
17! DBU B,pin, 81 0
18" DBU B,pin, 80 0

[a] Reaction conditions: 4-1a (0.4 mmol), base (1.0 equiv), additive (0.5 equiv), 4-2a (3
mL, anhydrous and degassed), 70 ‘C, 48 h, under argon. [b] The yields were determined
by GC-MS of a diluted and filtered aliquot of the reaction mixture using n-dodecane as the
internal standard (average of two runs). [c] 90 "C. [d] The reaction was performed in air.
[e] Degassed and alumina-dried (solvent purification system) toluene (2 mL). [f] Degassed
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and alumina-dried dried (Solvent Purification System) THF (2 mL). DBU = 1,8-
Diazabicyclo[5.4.0Jundec-7-ene

4.3.2 Investigation of Reaction Scope

After the optimal conditions (Table 4-1, entry 14) were established, we focused our
attention on investigating the scope and limitations of the present annulation reaction
(Scheme 4-2). We first examined a variety of fluorophenyl boronate esters derived from
the structural motif of 4-1. With the highly electron-withdrawing CF;-substituent,
excellent yields were observed (4-3b) under these conditions. When reactions were
performed at 100 °C with a longer reaction time, trifluorophenylboronate ester 4-1c
smoothly underwent annulation to give the desired product 4-3¢ in good yield 65%. A
very low yield was observed when the 4-CHjs-tetrafluorophenyl boronate ester was used,
which indicated that electron-donating groups on the aromatic ring have a negative effect
on this reaction. Unfortunately, this protocol was found to be inefficient for 2,4,6-

trifluorophenyl-Bpin and 2,6-difluorophenyl-Bpin.
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Scheme 4-2. Substrate scope of the annulation reaction.!

\ —_—
o N
Fn?i}&oin LSy —BUBRin NN
S i
\_/ | 90 °C, 48 h AN
\
4-1 4-2a 4-3
\
R F FoN—
F
F Bpin N
F N
FF £
4-1a 4-3a: 80%
\
R F F N—
F
FsC Bpin N
FsC N
FF g\
4-1b 4-3b: 81%
\
R F FoN—
F
Bpin N
N
FF g\
4-1c 4-3c: 65%!°!
\
F FooN—
E N
. \
4-1d 4-3d: 0%

[a] Conditions: 4-1a (0.4 mmol), 4-2a (3 mL, anhydrous and degassed), DBU (0.4 mmol),
B;pin; (0.2 mmol), 90 °C, 48 h, under argon. [b] Isolated yields. [c] 100 'C, 48 h.

Encouraged by our early results in generating tertiary amines when reactions were
carried out in the absence of B,pin,, we then focused on examining the reaction of other
fluorophenylboronate esters with DMF (Scheme 4-3). After increasing the temperature, we
found that a tetrafluorophenylboronate ester smoothly underwent a similar addition
reaction to give the corresponding product 4-4b in good yield. However, these reaction
conditions were not suitable for the reactions of 2,5-difluorophenyl-Bpin and 2-

fluorophenyl-Bpin with DMF. Surprisingly, reactions with these substrates resulted in the
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formation of alcohols (4-4¢ and 4-4d) when a strong base was used. Unfortunately, no

reaction occurred when 4-fluorophenyl-Bpin and 4-cyanophenyl-Bpin were examined.

Scheme 4-3. Substrate scope of the addition reaction of fluorophenylBpin derivatives to
DMF.®

0) F | N z |
F.J/— \ npg - F
n X Bpin  + NJ< K,CO4 - P N :
\_/ / o
H 70°C, 48 h N
PN
41,n=1,2,4,5 4-2a 4-4

F F F F F F
F l FF l F ! FF !
F F F F O O
F N F F N F

NN ZN FOH F

4-4a: 89% 4-4b: 85%c! 4-4c: 75%!]
F OH F N N

4-4d: 79%!] 4-4e: ND 4-4f: ND

[a] Conditions: 4-1a (0.4 mmol), 4-2a (3 mL, anhydrous and degassed), K,CO; (0.4
mmol), 70 C, 36 h, under argon. [b] Isolated yields. [c] 100 C, 48 h. [d] 100 C, 48 h,
KOCHj3; (0.4 mmol).

We then examined the three-component cross-coupling reaction of C¢FsBpin, phenyl
acetylene and DMF, for the novel synthesis of propargylamines as shown in Table 4-2.
Initially, the reaction was investigated in the presence of KOMe under an argon
atmosphere in DMF to afford 4-6a in 10% yield. Among the bases screened (Table 4-2,
entries 1-7), LIHDMS was found to be optimal. Optimization of the Lewis acid additive
showed a dramatic enhancement of the yield upon addition of 1 equiv of ZnCl, (Table 4-2,
entry 8-10), whereas 0.5 equiv of ZnCl, provided a lower yield of 4-6a (Table 4-2, entry
11). These experimental results indicate that ZnCl, play an important role in the reaction,

either by C—H zincation of a terminal alkyne, or by Lewis acid activation of the DMF.%
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Table 4-2. Optimization of the reaction conditions."!

— _ Base, Additive

F Bpin + — > %
\_/ DMF,100°C, 36 h O . O

F F
4-1a 4-5a F 4-6a
Entry Base Additive Yield 4-6a(%)™
1 KOCH; - 10
2 AcOK - 5
3 ‘BuONa - 6
4 DBU - 12
5 K,COs - 15
6 KHDMS - 21
7 LiHDMS - 25
8 LiHDMS MgCl, 31
9 LiHDMS AlCl; 18
10 LiHDMS ZnCl, 73
111l LiHDMS ZnCl, 48

[a] Reaction conditions: 4-1a (0.2 mmol), 4-5a (O.g mmol), base (1 equiv), additive (1
equiv), degassed and anhydrous DMF (3 mL), 100 C, 36 h, under argon. [b] The yields
were determined by GC-MS of a diluted and filtered aliquot of the reaction mixture using
n-dodecane as the internal standard (average of two runs). [c] ZnCl, (0.5 equiv).

After the optimal conditions were established, we focused our attention on investigating
the scope and limitations of this coupling reaction. As shown in Scheme 4-4, alkynes with
different electron-donating substituents on the aromatic ring were first employed to react
with pentafluorophenyl-Bpin under the standard conditions (4-6b and 4-6¢), providing the
desired products in excellent yields. With an electron-withdrawing F-substituent, a
moderate yield was observed (4-6d). Importantly, an aliphatic alkyne gave the desired
products in good yield (4-6e). Unfortunately, phenyl-Bpin, 4-CH3-phenyl-Bpin, 4-CN-
phenyl-Bpin 2.4,6-trifluorophenyl-Bpin, 2,6-difluorophenyl-Bpin, and 3-fluorophenyl-
Bpin all failed to provide any product, indicating the importance of the number of fluorine

atom in the arylboronate ester.

Scheme 4-4. Scope of the reaction with respect to the different terminal alkyne substrates
4-5.1
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LiIHDMS, ZnCl,
DMF,100 °C, 36 h

Bpin + —
P /

4-5

F
F F F
CH, F OCH;

4-6a: 73% 4-6b: 82% 4-6¢: 87%

7

F
4-6d: 75%° F 4-6e: 80%

[a] Reaction conditions: 4-1a (0.2 mmol), 4-5 (0.2 mmol), LIHDMS (1.0 equiv), ZnCl, (1
equiv), degassed and anhydrous DMF (3 mL), 100 C, 36 h, under argon. [b] Isolated
yields. [¢] 80 C.

4.4 Preliminary mechanistic studies

To gain further insight into the aforementioned reactions, several mechanistic studies
were conducted. First, the reaction of 4-1a and 4-2a at 50 'C was examined, the yield of 4-
3a dropped dramatically and imminium intermediates 4-A was detected by HRMS
(Scheme 4-5a). Interestingly, the reaction is completely inhibited in the absence of Bpin,,
and amine intermediate 4-C was also detected by HRMS, indicating that B,pin, plays a
crucial role in the outcome of the reaction (Scheme 4-5b). (see section 4.7.6). If the
reaction of 4-2a with pentafluorobenzene 4-1 under standard conditions was attempted, 3a
and 4a were not detected (Schemes 4-5¢ and 4-5d), indicating that the C-Bpin moiety is
essential and deprotonation of the fluoroarene or nucleophilic attack at the fluoroarene by

the base is not a plausible pathway.
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Scheme 4-5. Preliminary mechanistic studies.
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Scheme 4-6. Proposed mechanism of annulation and addition reaction of
polyfluorophenylboronates with DMF.

(2137 and the aforementioned observations, a plausible

Based on previous reports,
mechanism is depicted in Scheme 4-6. The first step would involve the addition of DMF
to pentafluorophenyl-Bpin leading to the formation of an immonium intermediate 4-A and
OBpin". The immonium salt 4-A would undergo addition of the second molecule of the
Arg anion to generate compound 4-4a. Attack of the deprotonated alkyne to immonium
intermediate 4-A would leads to propargylamine compound 4-6a. When DBU was used as
a base, coordination of the oxygen atom of DMF to the Bpin moiety would afford a zert-

amine anion.!

3" The anion would subsequently undergo nucleophilic attack at the
imminium intermediates 4-A carbon atom to obtain reversible intermediates 4-B and 4-C.
Finally, the desired product 4-3a would be generated and [Bpin,.F] also would be

afforded.*7™1!

4.5 Crystal and Molecular Structures of Products

The structures of 4-3a and 4-4¢ were unambiguously confirmed by single crystal X-ray
diffraction studies (Figure 4-1). Compound 4-3a crystallizes in the triclinic space group
P1, and there is one molecule in its asymmetric unit. Two molecules of 4-3a stack in an
anti-fashion with rt--- stacking interactions between the fluorinated moiety and the indole
moiety, parallel to the d, ¢-plane (Figure 4-2). Such arene-fluoroarene interactions, are
well known to form highly ordered m-stacks of alternating arene and perfluoroarene
molecules in co-crystals of arenes and perfluoroarenes, and can be applied as a
supramolecular synthon in crystal engineering.®® Compound 4-4a crystallizes in the
monoclinic space group P2;/c. The N atom adopts a distorted pyramidal geometry, as
expected for a tertiary amine. Among the intermolecular interactions are C-F---C, C-
H:--n(C) and F---F interactions (Figure 4-3). No significant m-stacking interaction was
found between the pentafluorophenyl rings. Compound 4-4¢, on the other hand,
crystallizes in the trigonal space group R3. The alcohol -OH group is involved in O-H---O
intermolecular hydrogen bonding. Six molecules exist as hydrogen bonded hexamers
forming 12 membered (O-H---O) hexagonal rings of graph set notation R¢’(12),*”) which

adopt chair conformation, as shown in Figure 4-4. This pattern of hydrogen bonding is
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different from what we observed in a similar series of chiral secondary alcohols.””’

@

(b) (c)

Figure 4-1. Molecular structures of compounds 4-3a, 4-4a, and 4-4¢ in the solid state at 100 K.
Atomic displacement ellipsoids are drawn with 50% probability. Color code: grey — carbon, red —
oxygen, blue — nitrogen, green — fluorine, and white — hydrogen.

Figure 4-2: Molecules of 4-3a stack in anti-fashion. The fluorinated moiety interacts with the
indole moiety of another molecules, and there exist intermolecular weak C-H --F interactions as
well.
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Figure 4-3: Various weak interactions present in the crystal structure of 4-4a.

174



Chapter 4

(a)

(b)

Figure 4-4:. Pattern of hydrogen bonding in 4-4c is shown. The -OH groups of six different
moleculecules form 12 membered hexagonal ring via O-H --O hydrogen bonding interaction (b);
and the ring adopts a chair conformation (b).
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4.6 Conclusions

We have demonstrated simple conditions for the addition and annulation of DMF with
polyfluorophenylboronate compounds. This strategy has the advantages of a transition
metal-free catalyst system and the use simple substrates to furnish 3-aminoindoles. The
method also introduces the use of polyfluoropenyl-Bpin compounds instead of Grignard
reagents for polyfluorophenylation of DMF to synthesize propargylamines. Further
mechanistic studies and applications of the above protocols are underway in our laboratory

and will be reported in due course.
4.7 Detailed Experiments and Characterization Data

4.7.1 General Information

All NMR spectra were recorded on a Bruker AC—500 spectrometer (500 MHz for 'H
NMR, 125 MHz for C{'H} NMR, and 470 MHz for "’F NMR) with CDCl; as the
solvent. Chemical shifts (J) are given in ppm and 'H NMR spectra were referenced via
residual proton resonances of CDCl; (7.26 ppm), “C{'H} spectra were referenced to
CDCl; (77.16 ppm) and "F spectra are referenced to external CFCls. The following
abbreviations were used to indicate multiplicities: s = singlet; d = doublet; t = triplet; q =
quartet; m = multiplet. GCMS analyses were performed on an Agilent Technologies
GCMS system (GC 7890A, EI-MS 5975C). HRMS were measured on a Thermo Scientific
Exactive Plus equipped with an Orbitrap. ESI measurements were conducted using a HESI
source with an aux-gas temperature of 50 °C. Measurements were conducted using an
APCI source with a corona needle; aux-gas temperature was 400 °C. Chemical yields
referred to pure isolated product. Automated flash chromatography was performed on
silica gel (Biotage SNAP cartridge KP-Sil), obtained from Biotage, using a Biotage®
Isolera Four Flash system. Unless otherwise stated, all reagents were commercially
purchased and used without further purification. The degassed and dry solvents were used.

B,pin, was kindly provided by AllyChem Co. Ltd. (Dalian, China).
4.7.2 Borylation of Polyfluoroarenes

Pentafluorophenyl-Bpin, 2,3,5,6-tetrafluorophenyl-Bpin, 2,3,4,6-tetrafluorophenyl-Bpin
and 2,4,6-trifluorophenyl-Bpin used were prepared according to the literature
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procedures.” In an argon filled glovebox, a solution of [(COD)Ir(OMe)], (0.5 mol%),
4.4’-di-tert-butyl-2,2’-bipyridine (2 mol%), bispinacolatodiboron (Bpin,) (0.5 equiv.) and
pentafluoroarene (1 equiv.) in hexane (dry and degassed) was stirred at room temperature
in a sealed reaction vessel for 48h. The volatile materials were removed in vacuo to give
the crude product, together with unreacted starting arene. The residue was then purified by

flash chromatography on silica gel to provide the corresponding product (~90 %).
4.7.3 General Procedures

In an argon filled glovebox, a sealable reaction tube with a cap equipped with a
magnetic stir bar was charged with polyfluorophenyl boronate esters 1 (0.4 mmol), B,pin,
(0.2 mmol) and DBU (0.4 mmol, degassed) in DMF (3 mL, anhydrous and degassed) at
room temperature. The sealed reaction vessel was placed in an oil bath at 90 <C for 48 h.
After the reaction was completed, it was cooled to room temperature. The solvent was
removed in vacuo. The residue was purified by flash chromatography on silica gel (eluant:

n-pentane and EtOAC) to give the desired product.

NOTE: 3-aminoindole derivatives (4-3) and tertiary amine derivatives (4-4) are not very
stable under air. We stored them in an argon filled glovebox.

4.7.4 Characterization Data

N/
F
A\
F N
\
F

(4-3a): 78.7 mg, 80% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 6.50 (s,
1H), 3.85 (d, J = 2 Hz, 3H), 2.75 (s, 6H). *C{"H} NMR (125 MHz, CDCls): & (ppm) =
139.5 (dm, “Jr.c = 250 Hz), 137.1 (dm, Jr.c = 250 Hz), 135.1 (dm, *Jr.c = 248 Hz), 134.0
(dm, 'Jr.c = 233 Hz), 132.8, 120.8 (m), 118.6, 109.3 (M), 45.6 (d, *J=.c = 4 Hz), 35.4 (d,
Jrc = 6 Hz). *C{"®F} NMR (125 MHz, CDCls): & (ppm) = 139.4, 137.0, 135.1, 134.4,
132.8, 120.8 (d, J = 3 Hz), 118.6 (d, J = 183 Hz), 109.3 (d, J = 8 Hz), 45.6 (qd, J = 5 Hz,
129 Hz), 35.4 (qd, J = 3 Hz, 139 Hz). **F NMR (470 MHz, CDCls): & (ppm) = -149.3 (t, J
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=21 Hz, 1F), -165.7 (t, J = 16 Hz, 1F), -166.2 (t, J = 19 Hz, 1F), -171.4 (td, J =5 Hz, 24
Hz, 1F). HRMS (ESI): calcd. for [C11H10F4N2] *: 246.0780, found: 246.0775.

\
FoN—
F
A\
FsC N
3 \

(4-3b): 95.9 mg, 81% vyield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 6.66 (s,
1H), 3.91 (d, J = 3 Hz, 3H), 2.77 (s, 6H). *C{*H} NMR (125 MHz, CDCls): & (ppm) =
142.7 (dm, “Jr.c = 251 Hz), 139.8 (dm, Jr.c = 249 Hz), 139.7 (dm, “Jr.c = 248 Hz), 132.9
(m), 124.6 (q, "Jr.c = 272 Hz), 121.7, 121.3 (t, Jrc = 11 Hz), 116.6 (m), 101.2 (m), 45.6 (d,
*Je.c = 4 Hz), 35.8 (d, Jr.c = 8 Hz). ®C{*°F } NMR (125 MHz, CDCls): & (ppm) = 142.8,
139.8, 139.7, 133.0, 122.4, 121.8 (dm, J = 147 Hz), 121.0, 116.6 (d, J = 9 Hz), 101.2, 45.6
(qd, J = 4 Hz, 138 Hz), 35.8 (qd, J = 3 Hz, 140 Hz). *°F NMR (470 MHz, CDCls): & (ppm)
= -54.7 (dd, J = 19 Hz, 24Hz, 3F), -139.9 (t, J = 24 Hz, 1F), -149.6 (t, J = 23 Hz, 1F), -
154.2 (td, J = 8 Hz, 24Hz, 1F). “F{*H} NMR (376 MHz, CDCl5):  (ppm) = -54.7 (dd, J =
23 Hz, 24Hz, 3F), -139.9 (tt, J = 8 Hz, 41 Hz, 1F), -149.6 (t, J = 19 Hz, 1F), -154.2 (td, J =
8 Hz, 23Hz, 1F). HRMS (ESI): calcd. for [CioHioFeN2]™ [M+H]": 297.0812, found:
297.0821.

=z

(4-3c): 59.2 mg, 65% yield, white solid. *"H NMR (500 MHz, CDCl3): & (ppm) = 6.75 (td,
J =5 Hz, 15 Hz, 1H), 6.53 (s, 1H), 3.85 (d, J = 2 Hz, 3H), 2.77 (s, 6H). *C{*H} NMR
(125 MHz, CDCls): & (ppm) = 144.6 (dm, “Jr.c = 240 Hz), 142.1 (dm, ‘Jec = 241 Hz),
139.3 (dm, ke = 242 Hz), 132.8, 122.1 (m), 119.2, 114.9 (m), 98.3 (t, 2r.c = 25 Hz),
45.7 (d, “Je.c = 4 Hz), 35.4 (d, Jr.c = 6 Hz). “C{**F } NMR (125 MHz, CDCls): & (ppm) =
144.5 (d, J = 6 Hz), 142.1 (d, J = 8 Hz), 139.3 (d, J = 8 Hz), 132.5, 122.1, 119.2 (d, J =
186 Hz), 115.0, 98.3 (d, J = 165 Hz), 45.7 (q, J = 136 Hz), 35.4 (g, J = 139 Hz). **F NMR
(470 MHz, CDCl5): & (ppm) = -139.2 (g, J = 10 Hz, 1F), -150.7 (dd, J = 9 Hz, 14 Hz, 1F),
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-152.1 (td, J = 5 Hz, 24 Hz, 1F). HRMS (ESI): calcd. for [C1;H11F3N,]" [M+H]": 229.0946,
found: 229.0947.

F F
F FF F

AR,

FN_ F

(4-4a): 143.8 mg, 92% vyield, white solid. *H NMR (500 MHz, CDCls): 5 (ppm) = 5.14 (s,
1H), 2.33 (s, 6H). *C{*H} NMR (125 MHz, CDCls): & (ppm) = 145.2 (dm, *Jr.c = 250
Hz), 143.1 (dm, YJe.c = 248 Hz), 137.7 (dm, YJe.c = 250 Hz), 112.6, 57.9, 44.3. *F NMR
(470 MHz, CDCls): § (ppm) = -139.2 (d, J = 12 Hz, 4F), -153.3 (s, 2F), -161.1 (t, J = 14
Hz, 4F). ®F{"H} NMR (376 MHz, CDCls): & (ppm) = -139.2 (d, J = 15 Hz, 4F), -153.5 (t,
J =23 Hz, 2F), -161.2 (q, J = 11 Hz, 4F). HRMS (ESI): calcd. for [C1sH7F1oN] [M+H]":
392.0488, found: 392.0492.

F F
FF
AL,
F _N_ F

(4-4b): 120.7 mg, 85% vyield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.09-
7.02 (m, 2H), 5.25 (s, 1H), 2.38 (s, 6H). *C{*H} NMR (125 MHz, CDCls): 5 (ppm) =
146.1 (dm, "Jr.c = 250 Hz), 144.7 (dm, "Je.c = 248 Hz), 117.9 (m), 106.1 (m), 58.5, 44.5.
F NMR (470 MHz, CDCl3): & (ppm) = -138.1 (s, 4F), -139.8 (s, 4F). HRMS (ESI): calcd.
for [C1sHeFgN]" [M+H]*: 356.0675, found: 356.0680.

F F
F OH F

(4-4c): 77 mg, 75% yield, white solid. *H NMR (500 MHz, CDCls): & (ppm) = 7.17-7.13
(m, 2H), 7.03-6.95 (m, 4H), 6.33 (d, J = 4 Hz, 1H), 2.43 (d, J = 4 Hz, 1H). *C{"H} NMR
(125 MHz, CDCls): & (ppm) = 158.8 (dd, 'Jr.c = 250 Hz, Jr.c = 3 Hz), 155.7 (dd, *Jr.c =
249 Hz, Je.c = 3 Hz), 130.6 (m), 116.7 (dm, 2r.c = 22 Hz), 116.1 (dm, Jr.c = 22 Hz),
114.6 (dm, %Jec = 25 Hz), 63.8 (). **F NMR (470 MHz, CDCls): & (ppm) = -117.7 — -
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117.8 (m, 2F), -124.1 — -124.2 (m, 2F). HRMS (ESI): calcd. for [CisHsF4O]" [M-OH]™:
239.0472, found: 239.0478.

F OH F
(4-4d): 70.0 mg, 79% yield, white solid. *H NMR (500 MHz, CDCly): § (ppm) = 7.45 (td,
J =2 Hz, 8 Hz, 2H), 7.30-7.26 (m, 2H), 7.15 (td, J = 1 Hz, 8 Hz, 2H), 7.03 (td, J = 1 Hz,
10 Hz, 2H), 6.42 (s, 1H), 2.42 (s, 1H). BC{*H} NMR (125 MHz, CDCl5): & (ppm) = 160.1
(d, Yr.c = 248 Hz), 129.5 (m), 128.0 (M), 124.2 (t, Jr.c = 2 Hz), 115.5 (dm, 2Jg.c = 21 Hz),
64.6 (t, 3Je.c = 4 Hz). *F NMR (470 MHz, CDCl5): & (ppm) = -118.2 — -118.3 (m, 2F).

HRMS (ESI): calcd. for [C1sH1oF20]" [M-OH]": 203.0665, found: 203.0667.

(4-6a): 50.7 mg, 78% yield, brown oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.47-7.46
(m, 2H), 7.34-7.32 (m, 3H), 5.06 (s, 1H), 2.40 (s, 6H). *C{*H} NMR (125 MHz, CDCl5):
& (ppm) = 145.3 (dm, Jg.c = 250 Hz), 141.0 (dm, “Je.c = 250 Hz), 137.5 (dm, *Jg.c = 252
Hz), 131.8, 128.6, 128.3, 122.4, 111.8 (m), 86.0, 82.9, 52.0, 41.9. *C{"°F } NMR (125
MHz, CDCls): & (ppm) = 145.3 (d, J = 4 Hz), 140.9, 137.6, 131.8 (dt, J = 6 Hz, 164 Hz),
128.6 (dt, J = 8 Hz, 160 Hz), 128.3 (dd, J = 6 Hz, 160 Hz), 122.4 (d, J = 8 Hz), 111.8 (d, J
=7 Hz), 86.0 (d, J =5 Hz), 82.9 (d, J = 11 Hz), 52.0 (dm, J = 135 Hz), 41.9 (qt, J = 5 Hz,
132 Hz). *F NMR (470 MHz, CDCls): & (ppm) = -139.5 (d, J = 19 Hz, 2F), -154.1 (s, 1F),
-161.7 (s, 2F). HRMS (ESI): calcd. for [C17H12FsN]" [M+H]": 326.0955, found: 326.0963.

F
o
e
CHs

(4-6b): 55.6 mg, 82% yield, brown oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.35 (dd, J
=2 Hz, 6 Hz, 2H), 7.12 (dd, J = 1 Hz, 8 Hz, 2H), 5.05 (s, 1H), 3.03 (s, 3H), 2.39 (s, 6H).
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BC{"H} NMR (125 MHz, CDCls): & (ppm) = 145.3 (dm, *Je.c = 250 Hz), 141.1 (dm, *Je.c
= 252 Hz), 138.7, 137.6 (dm, “Jr.c = 248 Hz), 131.7, 129.1, 119.4, 112.0 (m), 86.1, 82.2,
52.1,41.9, 21.5. BC{*F } NMR (125 MHz, CDCls): & (ppm) = 145.3 (d, J = 5 Hz), 140.9,
138.7 (m), 137.6, 131.7 (dd, J = 8 Hz, 160 Hz), 129.1 (dt, J = 6 Hz, 158 Hz), 119.4 (t, J =
8 Hz), 112.0 (d, J = 8 Hz), 86.0 (d, J = 5 Hz), 82.2 (d, J = 10 Hz), 52.1 (dm, J = 141 Hz),
41.9 (qt, J = 5 Hz, 134 Hz), 21.5 (qt, J = 4 Hz, 127 Hz). *°F NMR (470 MHz, CDCls): &
(ppm) = -139.5 (d, J = 19 Hz, 2F), -154.3 (t, J = 19 Hz, 1F), -161.7 (t, J = 14 Hz, 2F).
HRMS (ESI): calcd. for [C1gH14FsN]* [M+H]*: 340.1114, found: 340.1119.

OCH34

(4-6¢): 61.7 mg, 87% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) = 7.40 (dt,
J=2Hz, 9 Hz, 2H), 6.84 (dt, J = 2 Hz, 9 Hz, 2H), 5.03 (s, 1H), 3.81 (s, 3H), 2.39 (s, 6H).
BC{"H} NMR (125 MHz, CDCls): & (ppm) = 159.8, 145.3 (dm, ‘Jr.c = 250 Hz), 140.9
(dm, "Jr.c = 248 Hz), 137.5 (dm, YJr.c = 250 Hz), 133.3, 114.5, 113.9, 112.1 (m), 85.9,
81.6, 55.3, 52.1, 41.9. 'F NMR (470 MHz, CDCls): & (ppm) = -139.5 (d, J = 19 Hz, 2F), -
154.3 (t, J = 19 Hz, 1F), -161.8 (td, J = 9 Hz, 24 Hz, 2F). “F{*"H} NMR (376 MHz,
CDCls): & (ppm) = -139.6 (dm, J = 26 Hz, 2F), -154.3 (t, J = 23 Hz, 1F), -161.8 (q, J = 15
Hz, 2F). HRMS (ESI): calcd. for [C1sH14FsNO]" [M+H]": 356.1062, found: 356.1068.

(4-6d): 51.5 mg, 75% vyield, colorless oil. *H NMR (500 MHz, CDCl5): & (ppm) = 7.46-
7.43 (m, 2H), 7.03-6.99 (m, 2H), 5.04 (s, 1H), 2.38 (s, 6H). *C{*H} NMR (125 MHz,
CDCls): & (ppm) = 162.7 (d, *Jr.c = 250 Hz), 145.3 (dm, YJr.c = 250 Hz), 141.1 (dm, "Je.c
= 248 Hz), 137.6 (dm, “Jr.c = 251 Hz), 133.7 (d, *Jr.c = 8 Hz), 118.4 (d, *Jr.c = 4 Hz),
115.6 (d, 2Jr.c = 22 Hz), 111.7 (m), 84.9, 82.8, 51.9, 41.9. *F NMR (470 MHz, CDCl5): &
(ppm) = -110.3 — -110.4 (m, 1F), -139.6 (d, J = 19 Hz, 2F), -154.0 (t, Jr = 21 Hz, 1F), -
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161.6 (td, J = 9 Hz, 24 Hz, 2F) . HRMS (ESI): calcd. for [C17H11FsN]" [M+H]": 344.0864,
found: 344.0868.

(4-6e): (6€): 50.7 mg, 80% yield, colorless oil. *H NMR (500 MHz, CDCls): & (ppm) =
4.81 (s, 1H), 2.70-2.64 (m, 1H), 2.30 (s, 6H), 1.93-1.88 (m, 2H), 1.75-1.69 (m, 2H), 1.67-
1.54 (m, 4H). *C{*H} NMR (125 MHz, CDCls): & (ppm) = 145.2 (dm, 'Je.c = 250 Hz),
140.7 (dm, *Je.c = 250 Hz), 137.5 (dm, 'Jr.c = 248 Hz), 112.4 (m), 90.9, 73.2, 51.6, 41.8,
33.7 (d, J = 7 Hz), 30.1, 24.9. *C{"*F } NMR (125 MHz, CDCl5): & (ppm) = 145.3, 140.7
(d, J =9 Hz), 137.5 (d, J = 18 Hz), 112.3 (d, J = 8 Hz), 91.0 (m), 73.2 (dd, J = 4 Hz, 10
Hz), 51.6 (dt, J = 6 Hz, 15 Hz), 41.8 (qt, J = 5 Hz, 134 Hz), 33.7 (t, J = 135 Hz), 30.1 (t, J
=123 Hz), 24.9 (t, J = 128 Hz). *°F NMR (470 MHz, CDCls): & (ppm) = -139.6 (d, J = 19
Hz, 2F), -154.8 (t, J = 24 Hz, 1F), -162.1 (td, J = 7 Hz, 21 Hz, 2F). *F{'"H} NMR (376
MHz, CDCls): & (ppm) = -139.7 (dm, J = 23 Hz, 2F), -154.8 (t, J = 23 Hz, 1F), -162.1 (q,
J =15 Hz, 2F). HRMS (ESI): calcd. for [C1sH1sFsN]" [M+H]": 318.1268, found: 318.1276.

4.7.5 Single Crystal X-Ray Diffraction

Single crystals, suitable for X-ray diffraction, were selected, coated in fomblin oil, and
mounted on microloop sample holders. Diffraction data were collected on Bruker X8
Apex Il 4-circle diffractometers with CCD area detectors using Mo-Ko radiation
monochromated by graphite or multi-layer focusing mirrors (4-3a and 4-4a), and also with
RIGAKU OXFORD DIFFRACTION XTALAB SYNERGY diffractometer with a
semiconductor HPA-detector (HyPix-6000) and multi-layer mirror monochromated Cu-K,
radiation (4-4c). The crystals were cooled using an Oxford Cryostream low-temperature
device. Diffraction data were collected at 100 K. The images were processed and corrected
for Lorentz-polarization effects and absorption effects by employing the Bruker software

P software. The structure was solved using the intrinsic

packages or with CrysAlis
phasing method (SHELXT)“? and expanded using Fourier techniques. All the non-
hydrogen atoms were refined anisotropically with hydrogen atoms ‘riding’ in idealized

positions, by full-matrix least squares against F> on all data, using SHELXL"® software
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and the SHELXLE™ graphical user interface. Diamond (Brandenburg, K. Diamond

(version 4.4.0) and Mercury 4.0 (CCDC, UK) software were used for graphical

representation. Crystal data and experimental details are listed in Table S1; full structural

information has been deposited with the Cambridge Crystallographic Data Centre. CCDC-

2084496 (4-3a), 2084497 (4-4a), and 2084498 (4-4c). While one of the difluorophenyl

groups was found to be disordered in 4-4c, the whole molecule of 4-4a was found to be
disordered in 75:25 ratio.

Table S1. Single-crystal X-ray diffraction data and structure refinements of 4-3a, 4-4a and

4-4c.

Compounds 4-3a 4-4a 4-4¢
CCDC number 2084496 2084497 2084498
Empirical formula CuiH1oF4N; CisHF1oN Cy3HgF,O
Formula weight (g mol™) 246.21 391.22 256.19
Temperature (K) 100(2) 100(2) 100(2)

Radiation, A (A)
Crystal colour, habit

Crystal size (mm®)
Crystal system

Space group
Unit cell dimensions
a (A
b (A)
c (A)
a (9
B (9

7 (9
Volume (A%

Z

Calc. density (Mg m™)
p (mm'?)

F(000)

6 range (9

Reflections collected
Independent reflections
Minimum/maximum
transmission
Parameters / restraints
Goof on F?

Ry [1>26(1)]

Mo-Ka 0.71073
Orange, block
0.462>0.37>0.238
Triclinic

P1

7.786(5)
9.013(3)
9.027(3)
93.99(2)
112.842(16)
113.666(14)
515.3(4)

2

1.587

0.147

252

2.541 - 26.371
13582

2114
0.5197/0.7244

157170
1.082
0.0611

Mo-Ka 0.71073
Colourless, block

0.28>0.80>0.97
Monoclinic

P2./c

9.891(4)
21.203(9)
7.406(4)

90
111.141(13)
90

1448.7(11)

4

1.794

0.196

776

1.921 - 28.698
23000

3682
0.6728/0.7461

451/ 408
1.154
0.0554

Cu-Ka 1.54184
Colourless, block

0.13>0.21>0.23
Trigonal

R3

23.7773(2)
23.7773(2)
10.50543(12)
90

90

120
5143.62(11)
18

1.489

1.214

2340
3.718 - 74.495
11739

2337

213 /414

1.037
0.0378
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WR? (all data)

Maximum/minimum residual
electron density (e A®)

0.1693
0.506 / —0.488

0.2031
0.337/-0.265

0.1019
0.312/-0.468

4.7.6 HRMS data of intermediate 4-A and 4-C

N_

231.0539
2240432

F F
Intermediate 4-A 220
Chemical Formula: C9H7F5N
Exact Mass: 224.0499

Found: 224.0492

280.08%0

280.2268

F F
Intermediate 4-C

Chemical Formula: C12H13F5N2
Exact Mass: 280.0999
Found: 280.0990
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5 Summary

It is generally acknowledged that polyfluoroarenes are important fluorinated structural
units for various organic molecules, such as pharmaceuticals, agrochemicals, and organic
materials. Polyfluorinated aryl alkynes and alcohols are also powerful building blocks in
chemical synthesis because of their versatility to be transformed into various useful
molecules and also their ubiquity in natural product synthesis. Efficient methods for the
synthesis of polyfluorinated aryl alkynes and alcohols are presented in Chapter 2 and
Chapter 3. In addition, 3-amino-indoles have found a broad applications in medicinal
chemistry as effective anticancer agents, compounds with analgesic properties and can
function as potent inhibitors of tubulin polymerization, and agents for the prevention of
type II diabetes. A simple method for the synthesis of 3-amino-indoles via the annulation

reaction of polyfluorophenylboronates with DMF is reported in Chapter 4.

Chapter 2

In Chapter 2, a mild process for the copper-catalyzed oxidative cross-coupling of
electron-deficient polyfluorophenylboronate esters with terminal alkynes (Scheme S-1) is
reported. This method displays good functional group tolerance and broad substrate scope,
generating cross-coupled alkynyl(fluoro)arene products in moderate to excellent yields.
This copper-catalyzed reaction was conducted on a gram scale to generate the
corresponding product in good yield (72%).

Fosl— . Cu(OAc),, Phen Fal/—
QBpm PR DDQ, Ag,0, DMF @%R

n=11 2 131 41 5 KZCO3, 40 OC, 12 h

22 examples
up to 92% yield

Scheme S-1. Copper-catalyzed oxidative cross-coupling of terminal alkynes with

polyfluorophenylboronate esters.

Based on previous reports and the aforementioned observations, a plausible catalytic
cycle for this oxidative cross-coupling reaction is shown in Scheme S-2. The first step
involves the addition of an alkynyl anion to Cu leading to the formation of

alkynylcopper(ll) species B. Subsequent transmetalation between ArgBpin and
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intermediate B occurs to form intermediate C. The desired product 3a is generated by
eductive elimination. Finally, the oxidation of Cu(0) to Cu(ll) with DDQ and Ag,O

regenerates A to complete the catalytic cycle.

0 L,Cu'"X, base
mo+2ag  NC ci A \<
NC o R

o) /

L, cu
\

OH X

NC Cl
Ar,: Bpin
Agzo

NC Cl base

OH Ly Cu”

(base)Bpin
R Ar,:
3a

Scheme S-2. Proposed mechanism of copper(ll)-catalyzed oxidative cross-coupling

between terminal alkynes and polyfluorophenylboronate esters.

Chapter 3

In Chapter 3, A convenient and efficient protocol for the transition metal-free 1,2-
addition of polyfluoroaryl boronate esters to aldehydes and ketones is reported, which
provides secondary alcohols, tertiary alcohols, and ketones (Scheme S-3). The
distinguishing features of this procedure include the employment of commercially
available starting materials and the broad scope of the reaction with a wide variety of

carbonyl compounds giving moderate to excellent yields.

— 0
F — OH
n<\/:/>—Bpin s R1—< KoCO; P
R? \_ 7 R'

Toluene
R2

n=1-5 R'2 =H, CHj, Ar 33 examples
up to 93% vyield

Scheme S-3. Base-promoted 1,2-addition of polyfluorophenylboronates to aldehydes and

ketones.
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Control experiments were carried out to gain insight into the reaction mechanism. The
reaction of 2a with pentafluorobenzene 5 under standard conditions was examined, yet 3a
was not formed in any detectable amounts (Scheme S-4a), indicating that the C-Bpin
moiety is essential and deprotonation of the fluoroarene or nucleophilic attack at the
fluoroarene by the base is not a plausible pathway. Interestingly, for the standard reaction
between 1a and 2a, the yield dropped dramatically if 18-crown-6 ether and K,CO; were
added (Scheme S-4b). This experimental result indicates that the presence of the
potassium ion plays a crucial role for the outcome of the reaction. Furthermore, if the
reaction of 1a and 2a was performed in the presence of only a catalytic amount of K,CO3
(20 mol%) (Scheme S-4c¢), reaction rates were reduced, and a week was required to produce
3a in good yield. This finding again indicates that the potassium ion (or the base) plays an
important role in the reaction. Substituting ortho-fluorines by ortho-chlorines, using either
CsClsBpin 2,6-dichlorophenyl-1-Bpin as substrates, did not yield any product as shown by
in situ GCMS studies.

R F OH F
. F
. Ho . @C(O)H K,CO3 (0.8 equiv) O O (@)
Toluene, 60 °C, 36 h E E
F F L
5: 0.1 mmol 2a: 0.1 mmol 3a, 0%
F F OH F
iti F
£ Bpin + @C(O)H Standard Conditions (b)
18-crown-6 (2 equiv) . .
F F L
1a: 0.11 mmol 2a: 0.1 mmol 3a, 25%

OH F

R F
F
F Bpin + Q—C(O)H Toluene (c)
K,CO3 (20 mol %) - .
F F

60 °C, one week £
1a: 0.11 mmol 2a: 0.1 mmol 3a, 81%

Scheme S-4. Control experiments.

Based on DFT calculations, a mechanism for the 1,2-addition of
polyfluorophenylboronates to aryl aldehydes in the presence of K,CO; as base is

proposed, as shown in Scheme S-5. K,COjs interacts with the Lewis-acidic Bpin moiety of
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Summary

substrate 1 to generate base adduct A, which weakens the carbon-boron bond and
ultimately cleaves the B—C bond along with attachment of a potassium cation to the aryl
group. The resulting Arg anion adduct B undergoes nucleophilic attack at the aldehyde
carbon atom of substrate 2 to generate methanolate C. The methanolate oxygen atom then
attacks the electrophilic Bpin group to obtain compound D. Transfer of K,CO; from
intermediate D to the boron atom of the more Lewis-acidic polyfluorophenyl-Bpin 1
finally closes the cycle and regenerates complex A. Thus, the primary reaction product is
the O-borylated addition product E, which was detected by HRMS and NMR

spectroscopy for the perfluorinated derivative.

Scheme S-5. Proposed mechanism of the 1,2-addition of polyfluorophenylboronates to

aldehydes and ketones.
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Chapter 4

Chapter 4 presents a novel protocol for the transition metal-free addition and annulation
of polyfluoroarylboronate esters to DMF, which provides 3-aminoindoles and tertiary

amines in moderate to excellent yields (Scheme S-6).

F
§|E \N/
\_/
/ K,CO4 FnsZTN Y O B,pin,, DBU 10
N 2= pin + — > F
— / %
\ H N\
- n=1-5 n=45
\| /
4 examples 3 examples.
" upto 92% yield up to 86% yield

Scheme S-6. Annulation and addition reactions of polyfluorophenylboronates with DMF.

While exploring the application of this strategy in synthesis, perfluorophenylBpin
reacted smoothly with ethynylarenes and DMF to afford propargylamines with moderate
to excellent yields (Scheme S-7).

FE F
. Bpin + RS\ _ LiHDMS, ZnCl,
\\J ~ DMF,100 °C, 36 h
F F

5 examples
up to 87% yield

Scheme S-7. Three-component cross-coupling reaction for the synthesis of

propargylamines.
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6 Zusammenfassung

Polyfluorarene sind wichtige fluorierte Schliisselstruktureinheiten fiir verschiedene
organische Molekiile, wie z. B. Pharmazeutika, Agrochemikalien und organische
Materialien. Auch polyfluorierte Arylalkine und -alkohole sind aufgrund ihrer vielseitigen
Moglichkeiten, in verschiedene niitzliche Molekiile umgewandelt zu werden als auch
wegen ihrer Allgegenwart in der Naturstoffsynthese, leistungsfahige Bausteine. Effiziente
Methoden zur Synthese polyfluorierter Arylalkine und -alkohole werden in Kapitel 2 und
Kapitel 3 vorgestellt. Dariiber hinaus haben 3-Amino-Indole eine breite Anwendung in der
medizinischen Chemie als wirksame Antikrebsmittel, Verbindungen mit analgetischen
Eigenschaften und als potente Inhibitoren der Tubulinpolymerisation sowie als Mittel zur
Priavention von Typ-II-Diabetes gefunden. Eine einfache Methode zur Synthese von 3-
Amino-Indolen iiber die Annulierungssreaktion von Polyfluorphenylboronaten mit DMF

wird in Kapitel 4 berichtet.

Kapitel 2

In Kapitel 2 wird iiber ein mildes Verfahren zur kupferkatalysierten oxidativen
Kreuzkupplung von elektronenarmen Polyfluorphenylboronatestern mit terminalen
Alkinen (Schema S-1) berichtet. Diese Methode zeichnet sich durch eine gute Toleranz
gegeniiber funktionellen Gruppen und eine grofe Bandbreite an Substraten aus und
erzeugt kreuzgekoppelte Alkinyl(fluor)aren-Produkte in moderaten bis exzellenten
Ausbeuten. Diese kupferkatalysierte Reaktion wurde im Gramm-MaBstab durchgefiihrt,
und erzeugt das entsprechende Produkt in guter Ausbeute (72 %).

Fol/— . Cu(OAc),, Phen Fal—

QBpm AT=R DDQ, Ag,0, DMF @%R

n=1,2,3,4,5 K,CO3, 40 °C, 12 h

22 Beispiele
bis zu 92% Ausbeute

Schema S-1. Kupfer-katalysierte oxidative Kreuzkupplung terminaler Alkine mit
Polyfluorphenylboronatestern.
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Basierend auf friilheren Arbeiten und den oben erwdhnten Beobachtungen ist ein
plausibler katalytischer Zyklus fiir diese oxidative Kreuzkupplungsreaktion in Schema S-2
dargestellt. Der erste Schritt beinhaltet die Addition eines Alkinylanions, was zur Bildung
des Alkinylkupfer(Il)-Komplexes B fithren sollte. AnschlieBend erfolgt eine
Transmetallierung zwischen ArgBpin und dem Zwischenprodukt B zur Bildung des
Zwischenproduktes C. Das gewiinschte Produkt 3a wirde dann daraus durch reduktive
Eliminierung erzeugt. Durch eine Oxidation des dabei entstehenden Cu(0)-Komplexes mit

DDQ und Ag,O wird Komplex A regeneriert und der katalytische Zyklus schlief3t sich.

R———H
0 L Cu“x2 base
no+2ag NG ci X
NC Cl
(0]
Ly cu
\
OH X
NC Cl
Ar,: Bpin
AgzO
NC Cl base
OH L, Cu”
(base)Bpin

R Ar,:

3a

Schema S-2. Vorgeschlagener Mechanismus der Kupfer(Il)-katalysierten oxidativen

Kreuzkupplung terminaler Alkine und Polyfluorphenylboronatestern.
Kapitel 3

In Kapitel 3 wird ein praktisches und effizientes Protokoll fiir die libergangsmetallfreie
1,2-Addition von Polyfluorarylboronatestern an Aldehyde und Ketone vorgestellt, welches
sekundidre Alkohole, tertidre Alkohole und Ketone liefert (Schema S-3). Die besonderen
Merkmale dieses Verfahrens sind die Verwendung kommerziell erhéltlicher
Ausgangsmaterialien und die groe Bandbreite der Reaktion mit einer Vielzahl von

Carbonylverbindungen, die méBige bis exzellente Ausbeuten erbringen.
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Fos{ o — OH
n@Bpin e
R2 \ / R‘l

Toluol
R2

n=1-5 R"2 = H, CHj, Ar 33 Beispiele
bis zu 93%

Schema S-3. Basen-unterstiitzte 1,2-Addition von Polyfluorphenylboronaten an Aldehyde
und Ketone.

Um einen Einblick in den Reaktionsmechanismus zu erhalten, wurden
Kontrollexperimente durchgefiihrt. Die Reaktion von 2a mit Pentafluorbenzol 5 unter
Standardbedingungen wurde untersucht, jedoch wurde 3a nicht in nachweisbaren Mengen
gebildet (Schema S-4a). Dies deudet darauf hin, dass der C-Bpin Anteil essenziell ist und
eine Deprotonierung des Fluorarens oder ein nukleophiler Angriff am Fluoraren durch die
Base kein plausibler Weg ist. Interessanterweise sank bei der Standardreaktion zwischen
la und 2a die Ausbeute dramatisch, wenn 18-Kronen-6-Ether und K,CO; zugesetzt
wurden (Schema S-4b). Dieses experimentelle Ergebnis belegt, dass die Anwesenheit des
Kalium-Ions eine entscheidende Rolle fiir den Ausgang der Reaktion spielt. Wenn die
Reaktion von 1a und 2a in Gegenwart von nur einer katalytischen Menge K,COs (20
mol%) durchgefiihrt wurde (Schema S-4c¢), waren die Reaktionsgeschwindigkeiten
geringer und es war eine Woche erforderlich, um 3a in guter Ausbeute zu erlangen. Dieser
Befund weist erneut darauf hin, dass das Kalium-Ion (oder die Base) eine wichtige Rolle
bei der Reaktion spielt. Die Substitution von ortho-Fluorsubstituenten durch ortho-
Chlorsubstituenten, wobei entweder Cg¢ClsBpin oder 2,6-Dichlorphenyl-Bpin als Substrate

verwendet wurden, lieferte kein Produkt, wie in situ GCMS-Studien zeigten.
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R F OH F
; F
F@*H + @—C(O)H K2CO5 (0.8 equiv) O O (a)
Toluol, 60 °C, 36 h
F o F [ F
5: 0.1 mmol 2a: 0.1 mmol 3a, 0%
F F OH F
- F
F Bpin + @C(O)H Normale Bedmgungeg (b)
18-Krone-6 (2 equiv) . .
F F ¢
1a: 0.11 mmol 2a: 0.1 mmol 3a, 25%

FF
F
F Bpin + Q—C(O)H Toluol (©)
K,CO3 (20 mol %)
A F F

60 °C, eine Woche
1a: 0.11 mmol 2a: 0.1 mmol 3a, 81%

Schema S-4. Kontrollexperimente.

Ein Vorschlag zum Mechanismus der 1,2-Addition von Polyfluorphenylboronaten an
Arylaldehyde in Gegenwart von K,CO; als Base wird in Schema S-5 vorgeschlagen.
Dabei wechselwirkt die Base K,;CO; mit der Lewis-sauren Bpin-Einheit des Substrats 1
unter Ausbildung des Basenadduktes A, in welchem die Kohlenstoff-Bor-Bindung
geschwicht ist und schlielich die B-C Bindung gespalteen wird, wobei sich ein
Kaliumkation an die Arylgruppe anlagert. Das resultierende Arg” Anion im Addukt B greift
nukleophil am Aldehyd-Kohlenstoffatom von Substrat 2 an, um Methanolat C zu
erzeugen. Das Methanolat-Sauerstoffatom reagiert dann mit der elektrophilen Bpin-
Gruppe, um Verbindung D zu erhalten. Die Ubertragung von K,CO; vom
Zwischenprodukt D auf das Boratom des Lewis-acideren Polyfluorphenyl-Bpin 1 schlief3t
schlieflich den Zyklus und regeneriert den Komplex A. Das primére Reaktionsprodukt ist
also das O-borylierte Additionsprodukt E, das mittels HRMS und NMR-Spektroskopie fiir

das perfluorierte Derivat nachgewiesen wurde.
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/O c*\ o}
~~
e || vVQ 4 K |
"\ O\\B/O I N \O\
R © Pl O,B—o
D O0—K
VAN B %
C-o
/ ~-0 /\ 2
o) B 0o
N ] Y
/K-O\é C
Saea
R
TN
l:n_l/
C
Schema S-5. Vorgeschlagener Mechanismus der 1,2-Addition von

Polyfluorphenylboronaten an Aldehyden und Ketonen.
Kapitel 4

In Kapitel 4 wird ein neuartiges Protokoll fiir die libergangsmetallfreie Addition und
Annulierungsreaktion von Polyfluorarylboronatestern an DMF vorgestellt, das 3-
Aminoindole und tertidre Amine in madBigen bis ausgezeichneten Ausbeuten

liefert(Schema S-6).
F

_|ﬂ \N/
N\ /
Fn (0] :
/o K00y TN gpp ., N PRM2DBU L TN
N _ / n-1 U —
\ H N\
o n=1-5 n=4,5
\\/ "
F 4 Beispiele 3 Beispiele
" bis zu 92% bis zu 86%
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Zusammenfassung

Schema S-6. Annulierungs- und Additionsreaktion von Polyfluorphenylboronaten mit

DMF.

Bei der Erkundung der Anwendung dieser Strategie in der Synthese konnten

Propargylamine mit méaBigen bis ausgezeichneten Ausbeuten hergestellt werden (Schema

S-7).

LiIHDMS, ZnCl,

F Bpin + <§_/\, —
DMF,100 °C, 36 h

5 Beispiele
bis zu 87%

Schema S-7. Kreuzkupplungsreaktion fiir die Synthese von Propargylaminen.
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Appendix

Compound 4-3a: *H NMR spectrum (500 MHz, CDCls).

7.1 NMR Spectra for Chapter 4
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Appendix

Compound 4-3a: BC{**F} NMR spectrum (125 MHz, CDCl5).
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Compound 4-3a: °F NMR spectrum (470 MHz, CDCls).
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Appendix

Compound 4-3b: *H NMR spectrum (500 MHz, CDCls).
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Compound 4-3b: *C{*H} NMR spectrum (125 MHz, CDCls).
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Appendix

Compound 4-3b: BC{**F } NMR spectrum (125 MHz, CDCl5).
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Compound 4-3b: **F NMR spectrum (470 MHz, CDCl5).
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Compound 4-3b: *F{*H} NMR spectrum (376 MHz, CDClIs).
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Compound 4-3c: *H NMR spectrum (500 MHz, CDCls).
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Compound 4-3c: *C{*H} NMR spectrum (125 MHz, CDClIs).
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Compound 4-3c: *C{**F} NMR spectrum (125 MHz, CDCl).
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209

Compound 4-3c: *°F NMR spectrum (470 MHz, CDCls).
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Appendix

Compound 4-4a: BC{*H} NMR spectrum (125 MHz, CDCls).
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Compound 4-4a: *F{*H} NMR spectrum (376 MHz, CDCls).
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68€°¢—

8% s —

820"
440
970"
960"
190"
990"
SLO"
6L0°
€60°

Lot o o ol ol o o

820"
Zy0°
9%0°
960"
T90°
990"
SLO"
6L0°
€60°

ppm

0 ppm

186°0

TR

s
—000"¢2

211



Appendix

Compound 4-4b: *C{*H} NMR spectrum (125 MHz, CDCl5).
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Appendix

'H NMR spectrum (500 MHz, CDCls).
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Compound 4-4d: *C{*H} NMR spectrum (125 MHz, CDCl5).
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Appendix

Compound 4-6a: *H NMR spectrum (500 MHz, CDCls).
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Appendix

Compound 4-6a: *C{*°F } NMR spectrum (125 MHz, CDCls).
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Compound 4-6a: **F NMR spectrum (470 MHz, CDCl5).
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Compound 4-6b: *H NMR spectrum (500 MHz, CDCls).
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Compound 4-6b: *C{*H} NMR spectrum (125 MHz, CDCl5).
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Appendix

Compound 4-6b: *C{**F } NMR spectrum (125 MHz, CDCl5).
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Compound 4-6b: **F NMR spectrum (470 MHz, CDCls).
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'H NMR spectrum (500 MHz, CDCls).
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Compound 4-6¢: *°F NMR spectrum (470 MHz, CDCls).
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Compound 4-6¢: *°*F{*H} NMR spectrum (376 MHz, CDCl5).
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Appendix

'H NMR spectrum (500 MHz, CDCls).
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BC{*H} NMR spectrum (125 MHz, CDCls).

Compound 4-6d

w

V4

N
z w
/
Ras
b

8E6° Th~_

$96°1¢
mow.mm/
T16°%8

v6S”
969°
[4%°N
8€G”
pIL”
06%°
816"
cEL”
66L"
S9v”
06%°
(AR
G96°
166°
269°
ogL”
fAt A
€08°
996"
909"
2€9°
90L”
TEL”
78"
906"
9v6°
L86"
€S0°
€60°
998"
906"
z€6°
ZL6”
080"
€ve”
SLe®
€0¢e”
LEE
q9¢”
96¢€°
8¢¥% "

111
1T
1T
STT
STT
81T
81T
€E€T
€E€T
9¢€T1
9¢€T
9€T
9€T
9€T
9¢€T
9¢€T
8€T
8€T
8€T
8€T
8€T
8€T
8€T
6€T
6€T
6€T
6€T
ovT
0%T
7T
7T
7T
%1
(44"
PPT
vt
{440
{44
PPt
PvT
Pyt

76S TTIT—
969 TTLT—

PE8 TIT—

ppm

-

zeL
66L

Le
1344
SLeT
€0¢
LEE
S$9¢
96¢
8Zh
9¢€cC
89¢
962
8z¢
LSE
06¢

8€8 STT—
PIL GIT—

pm

NEeT—
EET—

067" 8TT—
8IS 8IT—

om

LY

TTFT—
A
A
TERT
A
N4An
B AAn
BAAn
‘9T
‘9T
‘9T
"9%T
"9FT
97T

144

145

146

TEL®
906"
9v6°

I

0 ppm

10

90 80 70 60

100

150 140 130 120

180 170 160

190

222



Appendix

F NMR spectrum (470 MHz, CDCl5).
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Appendix

Compound 4-6e: *C{*H} NMR spectrum (125 MHz, CDClIs).

888"

621"
LEL®

6L

e8L”

986"

cee

€L6

8€C"
LGE"

007"

S09

"9eT
T9ET
"9ET
“9€T
"8ET
“8ET
"6ET
“6ET
s At
22
R2A
REPT
“hET
R AAn
RAA:
PRI
‘9T
‘9T
iae
‘9T
‘9T

ve—

0E~
€€

e

Ty—

Rl

‘06—

A8
[Aa

AN

9¢€T

TTTe—e——

WO X G U U—

8eC TIT—
LSE " ETT—
€8V CTIT—

€65 9ET~
S09°9€T
uww.mmuumw

C9E BET~
TIS 8ET—
FOL 6ET~_
I8 6ET—"

9L TPT—

9ST FPI
88T ¥V T
1T vvT
SST FPT
082 %¥1
60E°FFT
VLE PPT

PPI°9PT
8LT 9FT
[ATAN-I A0

MMMMM WMM*“‘

ppm

138

140

142

144

146

A_"jluu -

Compound 4-6e: **F NMR spectrum (470 MHz, CDCly).

7ot
(34N
O L
SOt
vLO"
190°
€98°

618
SLL

gcL”
L89"

291-
291-
291~

29T-
291-
291-

bS1-
. wm«.lw.
ThSI-

6ET-

6ET-

ppm|

P91 29T —
671 29—
61T 29T —
S0T 29T——
PLOTTIT-—
19029 T——

pPm

€98°pST-—

618 PGT——

SLLPST-—

ppm

o~

E0L AGET>— 000

/
4 L89°6ET-—
o
w
w

-80 -90 -100 -110 -120 -130 -140 -150 -160 -170 ppm

-70

=< 606"T

= L8670

=000"¢

224



Appendix

Compound 4-6e: **F{*H} NMR spectrum (376 MHz, CDCl5).
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