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Chapter 1

General Introduction

Transition-metal catalysts have been opened up novel pathways to synthesize a
number of organic molecules by providing unique and efficient bond-forming
methodologies.l*! Organic iodides, bromides, and chlorides have been frequently
employed as a precursor for preparation or in situ generation of organotransition-metal
complexes by facile and/or regioselective cleavage of carbon-halogen bond except for
C—F bond which is one of the most stable bond that a carbon forms. Thus, numerous
transition-metal catalyzed reactions have been reported to prepare desired organic
compounds from organic halides via carbon-halogen bond cleavage. However, synthesis
of organofluorine compounds via carbon-halogen bond cleavage by use of transition-
metal catalysts requires the corresponding organofluorine building blocks containing
other halogens, namely iodine, bromine, or chlorine which are not always readily
available (Scheme 1.1).1! Therefore, catalytic C—F bond cleavage enables us to access
abundant poly- or perfluorinated building blocks to construct partially fluorinated
compounds which are important synthetic targets as medicines, agrochemicals, and
organic semiconductors.!

Q
Re—X — Ri—M —~» R

l, Br, Cl : Smooth Reaction, Expensive Precursor

X =
X = F (This Work) : Strong C-F Bond, Inexpensive Precursor

Scheme 1.1 Formation of organofluorine compounds via organotransition-metal complexes

Substitution of C—F bond into C—C bond catalyzed by transition-metal complexes
was first reported by Kumada et al. in 1973 who disclosed Ni-catalyzed cross-coupling
reaction of alkyl Grignard reagent with aryl fluoride to afford alkyl benzenes (Scheme
1.2a)."1 Since then, several nickel-catalyzed cross-coupling reactions have been
developed. For instance, Radius et al. developed Ni(0)-NHC complex that is an efficient
catalyst for Suzuki-Miyaura cross-coupling reaction of perfluoroarenes (Scheme 1.2b).P!



F 1 mol% NiCly(dppe)
(a) ©/ + >—MgCI - + ©/\/ thp/\/Pth
Et,0, reflux, 40 h

1.4 equiv 7% 52% DPPE

(GLC Yields)
i i
F E F 2 mol% Ni complex 1 E O f\N‘ Pr PT*N/?‘

b 3 equiv NEt, _F iy’ ‘(N__ N_)— Lipy
( ) + R v O iPr\ I i /iPr
F3C F (HO),B THF, 60 °C,12 h FsC F N‘( }-—N

F 1.0 equiv F Nipr  ipr-NJ

83% -
Ni complex 1
(isolated yield) t complex

Scheme 1.2 Ni-catalyzed cross-coupling reaction of fluoroarenes with organometallic reagents

Contrary to the reactions using nickel catalyst, in 2011, our group has reported
palladium-catalyzed coupling reaction of arylzinc reagent with tetrafluoroethylene which
is a bulk organofluorine feedstock as a monomer of poly(tetrafluoroethylene) (Scheme
1.3a).[61 Addition of lithium iodide (Lil) drastically improved yields of the product, a.5,5-
trifluorostyrene derivatives. The role of Lil is the promotion of C—F bond cleavage step.
Indeed, stoichiometric reaction of palladium-tetrafluoroethylene complex with Lil
afforded a novel trifluorovinylpalladium complex of which structure was determined by
X-ray crystallography. This is a rare example of cross-coupling via C—F bond cleavage
catalyzed by palladium.t”! Therefore, this methodology has been applied to cross-coupling
reaction of perfluoroarenes (Scheme 1.3b). The details of the reactions and the dicussions
are described in chapter 2.

T
(a) Li—I
Pd(0) F\j\ ZnAr,, Lil ’

L
pd
~
F I_/ |
X-ray (L = PPhs)

Li—F

Li—F

Scheme 1.3 Pd-catalyzed cross-coupling reaction of tetrafluoroethylene and perfluoroarenes with
arylzinc reagents promoted by addition of Lil

Although transition metal-catalyzed or -mediated transformation via aromatic or

vinylic C—F bond fission is well known, examples of aliphatic C—F bond cleavage by use
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of transition-metal complexes are quite rare. A pioneering work of cross-coupling
reaction of alkyl fluoride with Grignard reagent has been developed by Kambe et al. in
which combination of copper catalyst and 1,3-butadiene as an additive revealed to be
efficient to afford cross-coupling product (Scheme 1.4).181 However, only few examples
that construct C—C bond via aliphatic C—F bond fission has been known yet.[¥l Our group
has found that stoichiometric aliphatic C—F bond activation of hexafluoropropene
coordinated on Pd(0) was promoted by addition of tris(pentafluorophenyl)borane
(B(CsFs)3) (Scheme 1.5a).[1% In chapter 3, this strategy was expanded to the C—F bond
activation of a,a,a-trifluoroacetophenone by using Ni(0)/B(CsFs)3 system (Scheme 1.5b).
Furthermore, the resulting novel nickel difluoro-enolate was fully characterized and its
reactivity was investigated.

3 mol% CuCl

10 mol% 1,3-butadiene
/\/\/\/\F + Bng/\/ > NN
THF, 25°C,6 h
94%

Scheme 1.4 Cu-catalyzed cross-coupling reaction of alkyl fluoride with Grignard reagents

F/, F
FiC | F 1equivB(CeFs); £R Z

(a) >
Cy3P \PCys toluene-dg, rt, < 5 min

Cy;P” “PCy,

“FB(CgFs)3
quant.
FF
B(C¢Fs) F, ArCHO Ph
I
(b) %0 —eshy 7)\0 = o, 0
Ni +
“FB(CgFs); “FB(CgFs);

Scheme 1.5 Aliphatic C—F bond activation of hexafluoropropene on Pd(0) or trifluoroacetophenone
on Ni(0) accelerated by addition of B(CeFs)3

Another approach toward C—F bond cleavage is B-fluorine elimination. This process
is known to proceed relatively under mild conditions.*l For example, Ichikawa et al.
developed Ni(0)-mediated cycloaddition of 2-trifluoromethyl-1-alkenes with alkynes
through double C—F bond activation via B-fluorine elimination to afford monofluoro-
cyclopentadiene (Scheme 1.6).*41 However, transition-metal catalyzed C—C bond-
forming reaction via B-fluorine elimination still remains elusive. In chapter 4, reaction of
borylcopper complex with a,a,a-trifluoroacetophenone to generate copper difluoro-
enolate in situ via 1,2-addition followed by B-fluorine elimination is described. In addition,
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copper-catalyzed formal Reformatsky reaction via C—F bond cleavage has been
developed to give difluoro-compound from easily accessible trifluoromethylketone
(Scheme 1.7).

1.0 equiv Ni(cod),
CF;

F
1.0 equiv PCy;
4 & + \i > j
BuO,C Pr toluene, rt,2 h BuO,C Pr
0,
r Ni(0) 93&; -
1F2
F3C_ Ni
‘BuOZC>(_Z/ FzC FN|

Bu0, c ‘Buo

Scheme 1.6 Ni-mediated cycloaddition of trifluoroalkene with alkyne along with a plausible reaction

mechanism
cat. Cu
NaOBu
?L o B,pin, O OH
1 2 R! R2
R CF R £

Scheme 1.7 Cu-catalyzed formal Reformatsky reaction via C—F bond cleavage

Transformation of C—F bond is potentially an important technology to synthesize
organofluorine compounds from inexpensive or abundant polyfluorinated precursors. On
the other hand, C—F bond has been known as a very stable bond. Therefore, C—F bond
activation still remains to be an academic challenge. In this thesis, reactions of abundant
perfluoroarenes and trifluoromethylketones involving C—F bond cleavage by transition-
metal complexes as key steps to give corresponding organofluorine compounds are
described. These studies would contribute to development of synthetic chemistry of
organofluorine compounds as well as organometallic chemistry by providing novel
examples of stoichiometric C—F bond cleavage.
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Chapter 2

Pd-Catalyzed Coupling Reaction of Perfluoroarenes with Arylzinc
Reagents

2.1 Introduction

Perfluoroarenes are unique functional groups featuring highly electron withdrawing
nature, planar structure and high thermal stability derived from strong C—F bond. One of
the most typical building blocks to install perfluoroarenes is a mixed halogen compound
which is not readily available. Therefore, commercially available perfluoroarenes are
fascinating alternative building blocks. Some cross-coupling reaction of perfluoroarenes
with organometallic reagents to afford corresponding biaryls has been reported.[-31 Our
group demonstrated the reaction of perfluoroarenes with an aryl boronate catalyzed by Ni
complex 1 developed by Radius et al. that proceeded even in the absence of additional
base (Scheme 2.1a).'™ Yoshikai and Nakamura et al. reported cross-coupling reactions
of polyfluoroarenes with arylzinc reagents catalyzed by nickel ligated with
alkoxydiphosphane 2 (Scheme 2.1b).[*11

F OMe F OMe
F F 0. /©/ 5 mol% Ni complex 1 F O
(a) + B - 1
F,C F o THF, 100 °C, 10 h FyC F
F

1.0 equiv

5 mol% Ni(acac),

E F OMe
F F OMe) 5 mol% Ligand 2 F O
: -0
F F Zn , THF rt,3h F F
F F

2.0 equiv

NPT PNy Ph,P OH PPh,
iPr'N—(. .)—N‘iPr
Ok O

\N__< >_N/

NPr PN J

Ni complex 1 Ligand 2

Scheme 2.1 Ni-catalyzed coupling reaction of perfluoroarenes with organometallic reagents

Contrary to these reports based on nickel catalyst, palladium-based catalyst system
is quite rare.[?l Sandford et al. disclosed coupling reaction of perfluoronitrobenzene with
aryl boronic acid in the presence of Pd(PPhs)s under microwave irradiation (Scheme
2.2).[129¢1 However, the substrate scope is limited to the perfluoroarenes bearing nitro

-6-



group as highly electron withdrawing group to activate C—F bond and as directing group
for ortho selective activation.

NO, 5 mol% Pd(PPh;), NO, Ph
F. F /@)’h 1.2 equiv 40% KF/Alumina F.
+ >
F F (HO),B DMF, 150 °C, MW, 15 min. E O E
1.1 equiv F 73%

Scheme 2.2 Pd-catalyzed cross-coupling reaction of pentafluoronitrobenzene with aryl boronic acid

Herein, coupling reaction of perfluoroarenes with diarylzinc compounds catalyzed
by Pd(0) in the presence of Lil is described. In addition, a possible reaction pathway based
on mechanistic study using novel perfluoroaryl palladium complexes is discussed.

2.2 Result and Discussion

The reaction condition of coupling reaction of tetrafluoroethylene with arylzinc
reagents were applied to the reaction of hexafluorobenzene (CsFs) with diphenylzinc
(ZnPhz) generated in situ by treatment of zinc chloride (ZnClz) with 2 equiv of
phenylmagnesium bromide (PhMgBr).1 In the presence of 5 mol% of
tris(dibenzylideneacetone)palladium(0) (Pdz(dba)s), 20 mol% of triphenylphosphine
(PPh3) and 2.4 equiv of Lil, the reaction of CeFe with ZnPh, gave trace amount of
pentafluorophenyl benzene (3a) and CsFs remained intact (Table 1, entry 1). The desired
product 3a was obtained in a 70% vyield by using Pd(PCys). (PCyz =
tricyclohexylphosphine) as a catalyst precursor for the coupling reaction (entry 2). In the
absence of a palladium catalyst, 3a was not obtained at all (entry 3). An increase in the
amount of Lil improved the yield of 3a to 75%, while in the absence of Lil, the desired
product 3a was observed only 5% even after a prolonged reaction time (entry 4, 5). This
result indicates that the addition of Lil is crucial for the occurrence of the coupling
reaction. In the presence of PCys, palladium (1) acetate (Pd(OAc)2) was also found to be
an effective catalyst for the coupling reaction (entry 6). A mixture of 5 mol% of Pdx(dba)s
and 20 mol% of PCys showed similar catalytic activity to give 3a in 77% yield, whereas
a greater palladium catalyst loading was required for smooth progress in the coupling
reaction (entry 7). When either 1,2-bis(dicyclohexylphosphino)ethane (DCPE) or 1,4-
bis(dicyclohexylphosphino)butane (DCPB) were employed, the coupling reaction
retarded (entry 8, 9).



Table 2.1 Optimization of the reaction condition

F Pd catalyst F

F. F Additives F. Ph
+ ZnPhy —— >
Fﬁ[': 0.6 equiv THF, 60°C Fj©i':
F F
(ZnCl; + 2 PhMgBr) 3a
Entry  Catalyst (mol%) Additive Time (h) Yield (%)@

1 Pd,(dba); (5) / PPh; (20) Lil (2.4 equiv) 10 trace
2 Pd(PCys). (5) Lil (2.4 equiv) 4 70
3 none Lil (2.4 equiv) 21 -
4 Pd(PCys); (5) Lil (3.6 equiv) 6 75
5 Pd(PCys); (5) none 10 5
6! Pd(OAc) (5) / PCys (10) Lil (2.4 equiv) 4 65
7 Pd,(dba); (5) / PCys (20) Lil (3.6 equiv) 4 77
8l Pd(OAc); (5) / DCPE (5) Lil (2.4 equiv) 9 13
gl Pd(OAc) (5) / DCPB (5) Lil (2.4 equiv) 15 trace

[a] GC yield estimated by use of tetradecane as an internal standard. [b] ZnPh, (0.7
equiv) was employed.

The substrate scope of the cross-coupling reaction of perfluoroarenes with arylzinc
reagents in the presence of catalytic amount of Pd(PCyz)2 and Lil based on the result of
optimization (Table 2.2). Both (4-MeCe¢Hs)2Zn and (3-MeCegHs)2Zn reacted with CeFe to
give coupling products 3b and 3c in 70 and 53% vyield, respectively. However, no coupling
product was observed from the reaction of CeFs with (2-MeCe¢Hs)2Zn. The arylzinc
compounds bearing electron-donating groups such as (4-Me:NCeHs)2Zn and (4-
MeOCsHa)2Zn afforded the coupling compounds 3e and 3f in 74 and 76% yield,
respectively. The reactions of aryl zinc reagents with electron-withdrawing groups, (4-
FCsHa)2Zn and (3,5-F2CsH3)2Zn, also yielded the corresponding coupling products (3g
and 3h) in 66 and 49% vyield, respectively. The reaction of CeFs with (2-C10Hg)2Zn under
the same reaction conditions produced 2-pentafluorophenylnaphthalene (3i) in 65% vyield
after 8 h. When a thienyl group was introduced, the reaction gave 2-pentaphenylthiophene
(3j) in 55% yield. Other functionalized aryl zinc species prepared according to Knochel’
s procedure, LIiCl-(p-EtCOOCesH4)Znl and LiCl-(p-NCCesHas)Znl, were successfully
applied to the coupling reaction with CeFe to give 3k and 3l, respectively, in moderate
isolated yields.[!



Table 2.2 Pd-catalyzed coupling reaction of perfluoroarenes with arylzinc reagents in
the presence of Lill@

5 mol% Pd(PCys),

3.6 equiv Lil
Arg-F + ZnArp ————— > Arg-Ar
0.6 equiv THF, 60 °C,6 h

(ZnCl, + 2 ArMgBr)

F 3a, 69% 3b 70%

*‘

3e, 74%

°CH3 F F F Fos—
F. F. F. S
F G F F G F F F
F 3f 76% F 3g,66% F  3i,65% F  3j,55%
(23 h)
OCH3 F
F3C F O
F 3k 49%!] F | 57%®] F  3m,92% F 3n 60%
(1 h) (3 h)
OCH;, OCH, OCH,
F. j;\ﬁ
I
N
3q, 39", 81%
(rt 7 h, 79/21)

CH,

F
3r, 3r', 38% 3s, 52%
(10 mol% Pd cat., 55/45) (10 mol% Pd cat.)

[a] Isolated yields. [b] Arylzinc reagent was prepared by reaction of corresponding aryl iodide with Zn (3
equiv) and LiCl (3 equiv) in THF.

Next, the reaction was applied to other perfluoroarenes. The coupling reaction of
octafluorotoluene (C7Fs) with (4-MeOCsH4)2Zn, or (2-MeCsHa)2Zn occurred at the 4-
position of C7Fg to give the corresponding products 3m and 3n in good-to-excellent yields.
The reaction of C7Fg with (4-MeOCe¢H4)2Zn proceeded very smoothly, which allowed the
confirmation of a background reaction. In the absence of Pd(PCyz)2, 3m was obtained in
30% yield at 60 °C for 6 h, which indicates that the palladium-catalyzed coupling reaction
proceeds much faster than the background reaction. Perfluorobiphenyl and
Perfluoronaphthalene reacted with (4-MeOCgH4)2Zn to give corresponding products 30
and 3p in 32 and 53% yield, respectively. In contrast, the reaction of pentafluoropyridine
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(CsFsN) with ZnPh, gave a mixture of tetrafluoro-4-phenylpyridine (3q) and tetrafluoro-
2-phenylpyridine (3q’) in 65 and 17% vyield, respectively. Pentafluorobenzene also
participated in the coupling reaction with ZnPhy, however, the reaction product was
obtained as a mixture of two regioisomers, 2,3,5,6-tetrafluorobiphenyl (3r) and 2,3,4,5-
tetrafluorobiphenyl (3r’), and the combined yield of the isomers was only 38 %.
Pentafluorobiphenyl was also reactive to afford terphenyl 3s in moderate yield with 10
mol% catalyst loading.

To gain deeper insight into the reaction pathway, stoichiometric reactions of CeFe
with palladium(0) complexes were tested. In a previous report by Grushin et al., the
reaction of CsFe with Pd(PCys). in THF at 70 °C for 24 h occurred very slowly to give a
pentafluorophenylpalladium(ll) fluoride, trans-Pd(CeFs)F(PCys)2, in a 3% yield (Scheme
2.3).[°1 Braun and Perutz et al. also reported a reaction of Pd(PCys)2 with highly reactive
CsFsN to afford trans-Pd(CsFsN)F(PCys)2 in 30% isolated yield (Scheme 2.3b).["

(a) Report by Grushin
F Cy3P\ 'F

F. F F \
+ Pd(PC > PCy;
E F (PCyal THF-dg, 70 °C, 24 h Fﬁ":
F FFF 3%
1.3 equiv
(b) Report by Braun, Perutz
F CVSP\ /F
F. F F
T + Pd(PCyj), > ={ - PCy;
N~ F toluene, 100°C,6h F Nn/
F  30%
1 equiv

Scheme 2.3 C—F bond activation of perfluoroarenes with Pd(0)

On the other hand, in the presence of Lil the oxidative addition proceeded much faster
to give a pentafluorophenylpalladium(ll) iodide, trans-Pd(CeFs)I(PCys). (4), which
indicates that acceleration of the oxidative addition is an important role of Lil (Scheme
2.4). Addition of lithium bromide or chloride also promoted the reaction, although the
yield decreased to 55% and 11% respectively. In contrast, even in the presence of Lil, the
oxidative addition of CsFs to Pd(PPhs)s did not take place, which is consistent with the
fact that PPhs is not a suitable auxiliary ligand for the catalytic reaction (Table 1, entry 1).
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F. F 1 equiv Lil F Pd
+ Pd(PCY3)2 —_— F PCy3
E F 1 equiv THflTHF-ds, F
F 60°C,5h FF
-LiF 4

Scheme 2.4 C—F bond activation of CgFs

The ORTEP diagram of 4 unambiguously demonstrates that the palladium center in
4 adopts a square-planar coordination geometry and is coordinated by two PCys ligands
in a trans manner (Figure 2.1a). A similar coordination geometry was found in structurally
well-defined Pd(I) complexes, such as trans-Pd(CesFs)CI(PPhs), and trans-
Pd(CsFs)I(PCy2Fc). (Fc= ferrocenyl).[!

(a) Complex 4 (b) Complex 5 (c) Complex 6
Figure 2.1 ORTEP representation of palladium complexes 4, 5 and 6 with thermal ellipsoids at the
50% probability level. Hydrogen atoms were omitted for clarity. For 5, one of the two independent

molecules in a unit cell is depicted and solvated hexane was also omitted.

Similar oxidative-addition products, trans-Pd(4-CFsCeF4)I(PCy3)2 (5) and trans-
Pd(2-C1oF7)I(PCy3). (6), can be isolated by treatment of either CsFs or
perfluoronaphthalene with Pd(PCyz)2 in the presence of Lil (Scheme 2.5). In the former
reaction, the C—F bond at the 4-position of C7Fs was exclusively cleaved, whereas the
C—F bond at the 2-position of perfluoronaphthalene was exclusively activated in the latter
reaction. These regioselectivities of C—F bond fission were consistent with those observed
in the corresponding catalytic process (Scheme 1). The ORTEP drawings of 5 and 6 are
represented in Figure 2.1b and 2.1c, and definitely show that the palladium center in both
5 and 6 has the same coordination geometry as in 4.
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1.1 equivLil  CysR .l
Arg—F + Pd(PCy;); ——— > Pd

1.1 equiv THF, 60 °C Ar¢ “PCy;
CysR cysR_ !
F Pd F Pd
; ﬁ': PCy, e PCys
Fi¢” F 5>99% F 0 F 6,79%
(1h) FF (5h)

Scheme 2.5 Preparation of perfluoroarylpalladium complexes

To confirm whether or not 4 is an intermediate in the Pd-catalyzed cross-coupling
reaction of CeFe with diarylzinc compounds, a stoichiometric reaction of 4 with ZnPh;
was examined. As a result, a yield of only 5% of 3a was obtained from a stoichiometric
reaction conducted at 60 °C for 7 h in the presence of an excess amount of Lil (Scheme
2.6), whereas 3a was obtained in 69% vyield under the catalytic reaction conditions
mentioned above (60 °C, 6 h; Table 2.2). This result suggest that 4 is unlikely to be a
reaction intermediate. The space filling model of the complex 4 based on the X-ray
diffraction study implies the steric congestion around the palladium center caused by the
two bulky PCys ligands. Thus, it is assumed that oxidative addition of C¢Fs to Pd(PCy3)2
in the presence of Lil might involve dissociation of a PCys ligand to give a transient
Pd(CeFs)I(PCys) species (Figure 2.2). The resultant three-coordinate transient
intermediate would undergo re-coordination of a PCys ligand in the absence of ZnPh; to
yield the thermodynamically favored, and unreactive, species 4. On the other hand, in the
presence of ZnPh,, transmetalation between the transient iodopalladium(ll) species and
ZnPh, would occur smoothly to yield the coupling product 3a. These assumptions are
consistent with the results from kinetic studies performed by Hartwig and co-workers: the
oxidative addition of chlorobenzene to Pd(PCys), to give trans-PdCI(PCyz)2(Ph)
involved the dissociation of a PCys ligand at the initial stage of the reaction.[® Therefore,
Pd(CeFs)I(PCys)(py)] (7), in which pyridine acts as a labile ligand to generate a tentative
threecoordinate Pd(CeFs)I(PCys) species, was prepared as an alternative catalytic
precursor.

Cy3P\ /I
F Pd 10 equiv Lil F
g PCys + ZnPh, ———————>»
F . THF-dg, 60 °C, 7 h F
5 equiv
FFF 4

Scheme 2.6 (Left) Reaction of complex 4 with ZnPh; in the presence of Lil.

(Right) Space filling model of the complex 4.
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Li—I ,PCys F

F L,
F F F Pd_ ZnPh, F Ph
+ Pd(PCys)sz» Fﬂ | —
F F . F F F
F Li—F F

F F
PCy3
L = vacant or solvent

Figure 2.2 Working hypothesis on reaction mechanism

Pd(CsFs)2(py)2 (py = pyridine) was chosen as a starting material.[*! In accordance
with the literature, treatment of PdClx(py). with pentafluorophenyllithium (3 equiv),
generated in situ by reaction of chloropentafluorobenzene with "BuL.i at —78 °C, afforded
Pd(CsFs)2(py)2 in 72% yield (Figure 2.3a).* X-ray diffraction study of Pd(CsFs)2(py)2
revealed that Pd(Il) center had a square-planar geometry and was coordinated by two
pentafluorophenyl group in the cis configuration, although a trans configuration was
proposed in the original literature (Figure 2.3b). The transmetallation between
Pd(CsFs)2(py). and PdCl> in acetone followed by treatment with pyridine gave
Pd(CsFs)Cl(py)- (Figure 2.3c).[*%]

Li D
N N
F. F \ /
(a) PdCly(py); + > F Pd F
F F Et,0/Hexane,rt,2h
F FF F
F
("BuLi + C4F5Cl) FF o FF
1N\ ~, |\>
QN N'Q 1) acetone, reflux, 3 h =N ¢l
A4 2) 10 equiv pyridine \Pd/
() F Pd_F + PdCl, > F

F F I:\*QF 1.1 equiv Fﬁ?': N(Q
F F F F F'F 589 (b)
Figure 2.3 (a) Synthesis of Pd(CsFs)2(py)2. (b) ORTEP representation of Pd(CeFs)2(py)2 with
thermal ellipsoids at the 50% probability level. Hydrogen atoms were omitted for clarity. (c)
Preparation of Pd(CsFs)Cl(py)2.

Treatment of Pd(CeFs)Cl(py). with 1.1 equiv of PCyz in pyridine followed by
addition of hexane caused white precipitation which was recrystallized from acetone to
afford novel Pd(CeFs)CI(PCys)(py) (8) in a 55% yield as an acetone adduct (Scheme 2.7).
Substitution of an iodide for the chloride in 8 was accomplished by reaction of 8 with
excess sodium iodide to afford the desired Pd(ll) iodide 7 in 55% yield.
Pentafluorophenylpalladium halides 7 and 8 were characterized by NMR spectroscopy
and combustion analysis as well as by X-ray diffraction analysis (Figure 2.4). The H
NMR spectra of these complexes clearly showed that both the pyridine and PCys ligands

-13-



were coordinated to the Pd(ll) center in a ratio of 1 : 1. In addition, auxiliary ligands in 7
and 8 were situated in a mutual cis position with a square-planar geometry of Pd(Il) as
shown by X-ray diffraction study.

1N (< N (—\- 0
=N Cl N PC N PC
. \Pd: 1.1 equiv PCy, E \Pd: Y3 10 equiv Nal £ Pd Vs
F@F N=_ pyridine, rt, FﬂF o] acetone, rt, F;@F N
N\ ] <5 min. 3h
F F F F 8, 55% FF 7, 55%

Scheme 2.7 Formation of complex 8 followed by treatment with Nal

(a) Complex 8 (b) Complex 7
Figure 2.4 ORTEP drawings of 8 and 7 with thermal ellipsoids at the 50% probability level.

Hydrogen atoms and solvated molecules (acetone for 8 and THF for 9) were removed for clarity.

The Pd—N bond lengths of 2.032(10) A in 7 and 2.0407(13) A in 8 were slightly
shorter than those observed in Pd(CgFs)2(py)2 (2.093(2) and 2.105(3) A), which reflects
the difference in the trans influence between halides and a pentafluorophenyl ligand. On
the other hand, the Pd—CgFs bond lengths showed only slight differences (2.015(5) A for
4, 2.069(12) A for 7, 2.001(3) and 2.025(3) A for Pd(CsFs)2(py)2, and 2.0519(16) A for
8). In addition, the bond lengths between the palladium and phosphorus atoms in 7 and 8
(2.359(3) and 2.3604(4) A, respectively) were close in value to those observed in 4
(2.3691(16) and 2.3839(16) A).

The reactivity of 7 toward ZnPh; in the presence or absence of Lil was evaluated
(Scheme 2.8). In the presence of Lil (1.5 equiv), 8 reacted smoothly with ZnPh, in THF
at room temperature to give the desired coupling product 3a as the sole product in 63%
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yield. On the other hand, in the absence of Lil, the reaction of 8 with ZnPh; under the
same reaction conditions afforded a pentafluorophenylzinc species, CeFsZnX (X=I or
CeFs), as the major product (54%) and 3a as the minor product (27 %). These observations
suggest that a transient Pd(CeFs)I(PCys) species, generated by dissociation of the labile
pyridine ligand of 8, could be crucial for the smooth occurrence of transmetalation
between the palladium(ll) species and ZnPhy, and the existence of Lil is essential for
selective transmetalation to generate 3a.

N F F

N7 F Ph F. ZnX
EPd + ZnPh, ——— +
Ff;': ! 1 equiv T:‘F_'da’ noF F F F

5 min. F F
F F 7 3a
1.5 equiv Lil 63% trace
no additive 27% 54%

Scheme 2.8 Reactivity of complex 7

Based on these results, a plausible reaction mechanism was proposed in Figure 2.5.
In the presence of Lil, oxidative addition of a C—F bond in CeFs to Pd(0) would occur
initiated by dissociation of a PCys ligand to form a Pd(CeFs)I(PCys) intermediate (A).
Transmetalation between A and the arylzinc reagent in the presence of Lil would take
place to give a bisarylpalladium(Il) intermediate (B). The transmetalation step would
progress in preference to the re-coordination of a PCys ligand to give unreactive 4. The
role of Lil in this step might be rationalized by the formation of a reactive zincate, such
as Li[ArznXI] (X=Ar or 1), which would enable the efficient formation of B.[*3 Then,
reductive elimination from B, followed by the re-coordination of a PCys ligand would
produce the coupling product 3, along with regeneration of the Pd(0) species.

3 :
PA(PCys), F
PCy3

Pcy3 LiIF PCy,
P°V3 CysP I
F PC F Pd
Y3 ; \PCy3
Li[XZnl,] F
FF 4
Li[ArZnXI]
X=Arorl

Figure 2.5 A plausible reaction mechanism
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2.3 Conclusion

In chapter 2, Pd(0)/PCys-catalyzed cross-coupling reaction of perfluoroarenes with a
variety of arylzinc reagents to afford the corresponding polyfluorobiaryls in good-to-
excellent yields. Mechanistic investigation in which trans-Pd(CsFs)I(PCys)2. and
Pd(CeFs)I(PCys)(py) were reacted with ZnPh, revealed both the catalytic reaction
pathway and the role of Lil in the catalytic reaction. The key intermediate in this catalytic
cycle is atransient, three-coordinated monophosphine palladium species Pd(CsFs)1(PCys3)
which was generated by oxidative addition of C—F bond of CsFs to Pd(PCys3)2 along with
dissociation of a PCys ligand. The role of Lil in this catalytic reaction was not only to
accelerate the oxidative addition step, but also to activate a arylzinc reagent by formation
of a zincate such as Li[ArznXI] (X = Ar or 1), which would enable an efficient
transmetallation with the key intermediate.

2.4 Experimental Section

General statements for the experiments conducted in this thesis: All manipulations were conducted
under a nitrogen atmosphere using standard Schlenk or dry box techniques. *H, B, '°F, 3P, and 'C
nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 111 400 or on a Bruker
Avance 111 600. The chemical shifts in *H and *C NMR spectra were recorded relative to residual
protonated solvent. The chemical shifts in the 3'P NMR spectra were recorded using 85% H3PO, as
an external standard. The chemical shifts in *®F NMR spectra were referenced with respect to an
external standard of CFCls. Recycling Preparative High Performance Liquid Chromatography (HPLC)
was performed on Japan Analytical Industry LC9225NEXT equipped with JAIGEL-1H and JAIGEL-
2H. Elemental analyses were performed at Instrumental Analysis Center, Faculty of Engineering,
Osaka University. X-ray crystal data were collected by a Rigaku RAXIS-RAPID Imaging Plate
diffractometer or Mercury 375R/M CCD (XtaL LAB mini) diffractometer.

Materials: The degassed and distilled solvents (toluene, hexane and pentane) used in this work were
commercially available. THF, THF-ds and C¢Ds were distilled from sodium benzophenone ketyl. All
the Grignard reagents used in this work were purchased from Aldrich as THF solutions and their
concentrations were determined by titration with absolute m-xylene solution of sec-BuOH in the
presence of 1,10-phenanthroline as an indicator. Trans-bis(pyridine)dichloropalladium(1l),
Pd(PCys),,[**1 THF solution of LiCls(p-cyanophenyl)zinc iodide,®! and LiCls(p-EtCOOPh)zinc
iodide™ were prepared by published procedures. ZnCl, (3N) was purchased from WAKO Pure
Chemicals, and dried under vacuum with heating until melting. Other commercially available reagents

were distilled and degassed prior to use.
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Experimental Details

General Procedure for Optimization of Catalytic Reaction: In a dry box, to a vial equipped with a
stirring bar was placed ZnCl; (9.54 mg, 0.07 mmol), PhMgBr (1 M solution in THF, 140 puL, 0.14
mmol), Lil (32.1 mg, 0.24 mmol), and THF (160 pL). To the resulting mixture was added a THF
solution of Pd(OAc). (1.1 mg, 0.005 mmol) and PCys (2.8 mg, 0.010 mmol), 1 (11.5 pL, 0.1 mmol),
and tetradecane (26 uL, 0.1 mmol) as an internal standard. The vial was sealed, and heated with
preheated sand bath with stirring. After the reaction, the solution was quenched with methanol and
analyzed by GC. The yield was estimated by comparing peak areas of pentafluorobiphenyl with
tetradecane with a sensitivity ratio determined by GC spectrum of isolated samples. The results are
summarized in Table 2.1.

General Procedure for Pd-Catalyzed Coupling Reaction of Perfluoroarenes with Diarylzinc in the
Presence of Lil: In a dry box, to a vial equipped with a stirring bar were added a THF solution of
arylmagnesium halide (1.2 mmol) and ZnCl; (81.8 mg, 0.6 mmol). The mixture was diluted with THF
to make the volume 5 mL and vigorously stirred until ZnCl; dissolve completely. To the solution were
added Pd(PCys). (33.3 mg, 0.05 mmol), Lil (321 mg, 2.4 mmol), and perfluroarenes (0.1 mmol). The
reaction mixture was heated with stirring, and then quenched with 15 mL of 1M HCI aq. The water
layer was separated and extracted with ether (5 mL x 4). The combined organic layer was dried over
MgSQO,, filtered, and evaporated to dryness. The resulting solid was purified by flash column
chromatography to give pure product. The results are summarized in Table 2.2. Characterization of

the products are described below.

3a: By following the general procedure, a coupling reaction of phenylmagnesium bromide with CgFs
gave a white solid (168.5 mg, 69%). *H NMR (400 MHz, in CDCls, rt, 8/ppm): 7.39 — 7.44 (m, 2H),
7.46 — 7.52 (m, 3H). 9F NMR (376 MHz, in CDCls, rt, 8/ppm): —143.3 (dd, J = 7.8, 22.7 Hz, 2F),
—155.7 (t, J = 20.6 Hz, 1F), —162.3 (dt, 7.8, 21.5 Hz, 2F). 3C NMR (100 MHz, in CDCls, rt, 5/ppm):
116.0 (dt, J = 4, 17 Hz), 126.5, 128.8, 129.4, 130.2, 138.0 (dm, J = 258 Hz), 142.0 (dm, J = 256 Hz),
144.3 (J = 249 Hz). HRMS: m/z calc. 244.0311 (C12HsFs), found 244.0311. Spectral data of 3a were
identical to that of previously reported.1%
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3b: By following the general procedure in 0.3 mmol scale, a coupling reaction of 4-tolylmagnesium
bromide with C¢Fs gave a white solid purified by preparative thin layer chromatography (55 mg, 70%).
'H NMR (400 MHz, in CDCls, rt, 8/ppm): 2.42 (s, 3H), 7.31 (s, 4H). °F NMR (376 MHz, in CDCls,
rt, 8/ppm): —143.4 (dd, 8.3 Hz, 21.23 Hz, 2F), —156.3 (t, 21.2 Hz, 1F), —162.6 (dt, 8.3 Hz, 21.2 Hz,
2F). 13C NMR (100 MHz, in CDCls, rt, 8/ppm,): 21.4, 116.1 (dt, 4 Hz, 17 Hz), 123.5, 129.6, 130.1,
138.0 (dm, 252 Hz), 139.6, 140.1 (dm, 254 Hz), 144.2 (dm, 246 Hz). HRMS: m/z calc. 258.0468
(C13H+Fs), found 258.0466. Spectral data of 3b were identical to that of previously reported.[*]

3c: By following the general procedure in 0.3 mmol scale, a coupling reaction of 3-tolylmagnesium
bromide with Cg¢Fs gave white solid purified by preparative thin layer chromatography (41 mg, 53%).
'H NMR (400 MHz, in CDCls, rt, 5/ppm): 2.42 (s, 3H), 7.20 - 7.22 (m, 2H), 7.27 (d, 7.4 Hz, 1H), 7.38
(t, 7.4 Hz, 1H). 1°F NMR (376 MHz, in CDCls, rt, §/ppm): —143.1 (dd, 8.2 Hz, 22.4 Hz, 2F), —155.9
(t, 22.4 Hz, 1F), —162.4 (dt, 8.23 Hz, 22.4 Hz). 13C NMR (100 MHz, in CDCls, rt, 5/ppm): 21.5, 116.2,
126.4, 127.3, 128.7, 130.2, 130.8, 137.9 (dm, 243 Hz), 138.6, 140.4 (dm, 255 Hz), 144.3 (dm, 251
Hz). HRMS: m/z calc. 258.0468 (C13H7Fs), found 258.0469. Spectral Data of 3¢ were identical to that
of previously reported.[*s]

3e: By following the general procedure, a coupling reaction of  4-N,N-
dimethylaminophenylmagnesium bromide with C¢Fs gave a white solid (211.2 mg, 74%). 'H NMR
(400 MHz, in CDCls, rt, 8/ppm): 3.02 (s, 6H), 6.79 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.3, 2H). °F NMR
(376 MHz, in CDCls, rt, 8/ppm): —144.1 (dd, J = 7.7, 22.2 Hz, 2F), —158.1 (t, J = 22.2 Hz, 1F), -163.1
(dt, J=7.7, 22.2 Hz, 2F). 13C NMR (100 MHz, in CDCls, rt, 8/ppm): 40.3, 112.0, 113.4, 116.4 (t, Jc.r
=3, 16 Hz), 131.0, 137.5 (dm, Jc-r = 249 Hz), 139.5 (dm, Jc.r = 255 Hz), 144.3 (dm, Jc-r = 245 Hz),
150.8. HRMS: m/z calc. 287.0733 (C14H10FsN), found 287.0732. Spectral Data of 3d were identical
to that of previously reported.[6]
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3f: By following general procedure, a coupling reaction of 4-anisylmagnesium bromide with CeFs
gave a white solid (209.5 mg, 76%). *H NMR (400 MHz, in CDCls, rt, /ppm): 3.86 (s, 3H), 7.01 (d,
J =8.8 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H). *F NMR (376 MHz, in CDCls, rt, 5/ppm): —143.7 (dd, J =
8.2, 23.2 Hz, 2F), —156.6 (t, J = 21.2 Hz, 1F), —162.6 (dt, 7.7, 23.0 Hz, 2F). 3C NMR (100 MHz, in
CDClg, rt, 6/ppm): 55.4, 114.3, 115.8 (m), 118.5, 131.5, 137.9 (dm, J = 251 Hz), 139.0 (dm, J = 253
Hz), 144.2 (dm, J = 246 Hz), 160.4. HRMS: m/z calc. 274.0417 (C13H7Fs0), found 274.0419. Spectral
Data of 3f were identical to that of previously reported.*°]

F
F Q F
F
39g: By following the general procedure, a coupling reaction of 4-fluorophenylmagnesium bromide
with C¢Fs gave a white solid (172.6 mg, 66%). *H NMR (400 MHz, in CDCls, rt, 8/ppm): 7.19 (m,
2H), 7.40 (m, 2H). F NMR (376 MHz, in CDCls, rt, 8/ppm): —111.3 (m, 1F), —143.4 (dd, J = 8.2,
22.7 Hz, 2F), —155.3 (t, J = 21.1 Hz, 1F), —162.1 (dt, J = 8.4, 21.8 Hz, 2F). *C NMR (100 MHz, in
CDClg, rt, 8/ppm, except for CgFs): 163.2 (d, Jc-r = 251 Hz), 132.1 (d, Jc-¢ = 8.8 Hz), 122.3, 116.0 (d,
Jec-Fr=22Hz), 115.0 (d, Jc-r = 4 Hz). HRMS: m/z calc. 262.0217 (C12H4Fs), found 262.0223. Spectral

Data of 3g were identical to that of previously reported.*°!

3h: By following the general procedure, a coupling reaction of 3,5-difluorophenylmagnesium bromide
with CsFs gave a white solid (136.0 mg, 49%). *H NMR (400 MHz, in CDCls, rt, §/ppm): 6.90-7.10
(m). F NMR (376 MHz, in CDCls, rt, 8/ppm): —161.34 (dt, 7.4 Hz, 21.6 Hz, 2F), —-153.51 (t, 21.6
Hz, 1F), —142.66 (dd, 7.4 Hz, 21.6 Hz, 2F), —108.65 (t, 7.8 Hz, 2F). 3C NMR (100 MHz, in CDCls,
rt, 8/ppm): 105.2 (t, 24 Hz), 113.5, 113.8, 129.2 (t, 10 Hz), 138.1 (dm, 253 Hz), 141.2 (dm, 255 Hz),
144.3 (dm, 253 Hz), 163.1 (dd, 250 Hz, 13 Hz). HRMS: m/z calc. 280.0123 (C12H3F7), found 280.0125.

Spectral Data of 3h were identical to that of previously reported.['”l
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3i: By following the general procedure, a coupling reaction of 2-naphthylmagneisum bromide with
CsFs gave white solid (192.5 mg, 65%). *H NMR (400 MHz, in CDCls, rt, 8/ppm): 7.49 (dd, J = 1.5,
8.5 Hz, 1H), 7.56 (m, 2H), 7.88 — 7.97 (m, 4H). °F NMR (376 MHz, in CDCls, rt, 5/ppm): —144.4
(dd, J = 8.1, 22.7 Hz, 2F), —156.8 (t, J = 22.7 Hz, 1F), —163.5 (dt, J = 8.1, 22.7 Hz, 2F). *C NMR
(100 MHz, in CDCls, rt, 8/ppm): 116.1 (dt, J = 4, 17 Hz), 123.9, 126.9, 127.2, 127.3, 127.9, 128.4,
128.5, 130.3, 133.2, 133.4, 138.1 (dm, J = 253 Hz), 140.6 (dm, J = 255 Hz), 144.5 (dm, J = 248 Hz).
HRMS: m/z calc. 294.0468 (C16H7Fs), found 294.0465. Spectral Data of 3i were identical to that of

previously reported.[9]

F S\
F. N
F F

3j: Following the general procedure, a coupling reaction of 2-thienylmagnesium bromide with CeFs
gave a white solid purified by preparative thin layer chromatography (138.4 mg, 55%). *H NMR (400
MHz, in CDCls, rt, §/ppm): 7.19 (tm, 4.3 Hz, 1H), 7.52 (m, 1H), 7.55 (dd, 1.0 Hz, 5.2 Hz). 1°F NMR
(376 MHz, in CDCls, rt, 8/ppm): —140.0 (dd, 6.6 Hz, 21.3 Hz, 2F), —156.0 (t, 20.9 Hz, 1F), —162.2 (dt,
6.3 Hz, 21.4 Hz, 2F).*C NMR (100 MHz, in CDCls, rt, 8/ppm): 111.1 (dt, 4 Hz, 15 Hz), 126.4, 127.4,
128.4 (t, 4 Hz), 130.2 (t, 5 Hz), 138.2 (dm, 253 Hz), 140.0 (dm, 257 Hz), 144.1 (dm, 246 Hz). HRMS:
m/z calc. 249.9876 (CioH3sFsS), found 249.9880. Spectral Data of 3j were identical to that of

previously reported.18]

3k: To a reaction vessel equipped with a stirring bar was added LiCl+«IZnCsHsCN (0.71 M THF
solution, 1.7 mL, 1.2 mmol), Lil (481 mg, 3.6 mmol), and THF (3.3 mL). To the resulting solution
was added Pd(PCys). (33.3 mg, 0.05 mmol) and CeFs (115 uL, 1.0 mmol). The reaction vessel was
capped, and stirred at 60 °C for 6 h. The reaction was quenched with 5 mL of sat. NH4Cl aq. The water
layer was separated and extracted with 5 mL of ether 3 times. The combined organic layer was filtered
off, washed with 10 mL of brine, and dried over MgSQa. The solution was concentrated in vacuo and
purified by HPLC to give white crystalline powder (132.2 mg, 49%). *H NMR (400 MHz, in CDCls,
rt, 8/ppm): 7.79 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 7.3 Hz, 2H). °*F NMR (376 MHz, in CDCls, rt,
8/ppm): —143.1 (m, 2F), —153.1 (m, 1F), —=161.2 (m, 2F). 3C NMR (100 MHz, in CDCls, rt, 5/ppm):
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144.0 (dm, J = 255 Hz), 141.2 (dm, J = 251 Hz), 137.9 (dm, J = 255 Hz), 132.5, 131.1, 131.0, 118.1,
114.0 (m), 113.4. HRMS: m/z calc. 269.0264 (C13HsFsN), found 269.0263. Spectral Data of 3k were

identical to that of previously reported.1€]

3l: To a reaction vessel equipped with a stirring bar was added LiCl+1ZnCsH4COOEt (0.68 M THF
solution, 1.8 mL, 1.2 mmol), Lil (481 mg, 3.6 mmol), and THF (3.2 mL). To the resulting solution
was added Pd(PCys). (33.3 mg, 0.05 mmol) and CeFs (115 pL, 1.0 mmol). The reaction vessel was
capped, and stirred at 60 °C for 6 h. The reaction was quenched with 5 mL of sat. NH4Cl ag. The water
layer was separated and extracted with 5 mL of ether 3 times. The combined organic layer was filtered
off, washed with 10 mL of brine, and dried over MgSQa. The solution was concentrated in vacuo and
purified by flash column chromatography (eluent Hexane : EtOAc = 95 : 5) to give white crystalline
powder (180.5 mg, 57%). *H NMR (400 MHz, in CDCls, rt, 8/ppm): 8.09 (m, 2H), 7.49 (m, 2H), 4.37
(m, 2H), 1.38 (m, 3H). **F NMR (376 MHz, in CDCls, rt, 8/ppm): —142.9 (dd, 8.2 Hz, 23.1 Hz, 2F),
—-154.2 (t, 20.5 Hz, 1F), —161.6 (dt, 8.0 Hz, 22.6 Hz, 2F). 1*C NMR (100 MHz, in CDCls, rt, 5/ppm):
166.0, 144.3 (dm, 247 Hz), 141.0 (dm, 253 Hz), 138.1 (dm, 239 Hz), 131.5, 130.9, 130.3, 130.0, 115.2
(m), 61.42, 14.44. HRMS: m/z calc. 316.0523 (C1sHgFs02), found 316.0523. Spectral Data of 31 were

identical to that of previously reported.%

3m: By following the general procedure, a coupling reaction of 4-methoxyphenylmagnesium bromide
and C-Fs gave a white solid (299.5 mg, 92%). *H NMR (400 MHz, in CDCls, rt, 5/ppm): 3.88 (s, 3H),
7.04 (dm, 8.9 Hz, 2H), 7.41 (dt, 8.9 Hz, 1.44 Hz, 2H). °F NMR (376 MHz, in CDCls, rt, 8/ppm):
-56.2 (t, 21.6 Hz, 3F), —141.2 (m, 2F), —142.1 (m, 2F). 3C NMR (100 MHz, in CDCls, rt, 5/ppm):
55.5, 107.8 (m), 114.4, 118.2, 123.0 (q, 274 Hz), 124.8 (t, 16 Hz), 131.6, 144.2 (dm, 247 Hz), 144.7
(dm, 260 Hz), 161.0. HRMS: m/z calc. 324.0385 (C14H7F-O), found 324.0383. Spectral Data of 3m

were identical to that of previously reported.[']

-21 -



3n: By following the general procedure, a coupling reaction of 2-tolylmagnesium bromide and C7Fs
gave a white solid (185.3 mg, 60%). *H NMR (400 MHz, in CDCls, rt, 8/ppm): 2.11 (s, 3H), 7.11 (d,
7.6 Hz, 2H), 7.20-7.34 (m, 3H). °F NMR (376 MHz, in CDCls, rt, 3/ppm): —56.3 (t, 21.7 Hz, 3F),
—138.7 (m, 2F), —140.8 (m, 2F). 3C NMR (100 MHz, in CDCls, rt, 8/ppm): 19.6, 108.9 (m), 120.9 (q,
274 Hz), 124.8, 125.6, 126.1, 130.0, 130.0, 130.7, 137.0, 144.1 (dm, 250 Hz). HRMS: m/z calc.
308.0436 (C14H7F7), found 308.0431.

OCH,

30: By following the general procedure, a coupling reaction of 4-methoxyphenylmagnesium bromide
with C12F10 gave a white solid purified by HPLC (136.9 mg, 32%). *H NMR (400 MHz, in CDCls, rt,
8/ppm): 7.45 (d, 8.8 Hz, 2H), 7.03 (d, 8.8 Hz, 2H), 3.86 (s, 3H). 1°F NMR (376 MHz, in CDCls, rt,
8/ppm): —137.4 (m, 2F), —139.1 (m, 2F), —143.1 (m, 2F), —150.6 (t, 21.0 Hz, 1F), —=160.7 (m, 2F). 13C
NMR (100 MHz, in CDCls, rt, 6/ppm): 160.7, 144.8 (dm, 252 Hz), 144.2 (dm, 248 Hz), 142.5 (dm,
258 Hz), 138.0 (dm, 253), 131.6 (t, 2 Hz), 122.9 (t, 16 Hz), 118.9, 114.3 (d, 6 Hz), 104.4 (t, 18 Hz),
102.7 (19 Hz), 55.6 (d, 39 Hz). HRMS: m/z calc. 422.0353 (C19H7F90), found 422.0350. Spectral

Data of 30 were identical to that of previously reported."

3p: By following the general procedure in 0.3 mmol scale, a coupling reaction of 4-
methoxyphenylmagnesium bromide and C1oFs gave a white solid (57.5 mg, 56%). *H NMR (400 MHz,
in CDCls, rt, 5/ppm): 3.88 (s, 3H), 7.06 (d, 9.3 Hz), 7.46 (d, 9.3 Hz). 1°F NMR (376 MHz, in CDCls,
rt, 8/ppm): —155.9 (m, 1F), —154.0 (t, 19.3 Hz, 1F), —149.0 (dtt, 57.8 Hz, 18.5 Hz, 3.7 Hz, 1F), —146.4
(dtd, 56.9 Hz, 17.7 Hz, 3.7 Hz, 1F), —144.0 (dt, 70.2 Hz, 16.7 Hz, 1F), =137.0 (m, 1F), —122.1 (ddd,
70.2 Hz, 19.2 Hz, 3.7 Hz, 1F). 13C NMR (100 MHz, in CDCls, rt, 8/ppm): 55.5, 108.2 (t, 16 Hz), 110.6
(M), 119.4 (t, 18 Hz), 144.3, 119.2 (m), 131.8 (t, 2 Hz), 137.5-150.5, 160.5. HRMS: m/z calc. 360.0385
(C17H7F70), found 360.0382.
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3q, 3q’: By following the general procedure in 0.5 mmol, a coupling reaction of phenylmagnesium
bromide with CsFsN gave a white solid (92.8 mg, 82%). *H NMR (400 MHz, in CDCls, rt, 8/ppm):
7.92 (m), 7.57-7.46(m). F NMR (376 MHz, in CDCls, rt, 8/ppm): —82.6 (m, 1F), —90.6 (m, 2F),
—-138.4 (m, 1F), —145.1 (m), —158.6 (m). HRMS: m/z calc. 227.0358 (C11HsF4N), found 227.0356,

227.0351.
1 0
F

J

F F

3r, 3r’: By following the general procedure in 0.5 mmol, a coupling reaction of phenylmagnesium
bromide with pentafluorobenzene gave a white solid (42.5 mg, 38%). *H NMR (400 MHz, in CDCls,
rt, &/ppm): 7.46 (m), 7.03 (m). °F NMR (376 MHz, in CDCls, rt, &/ppm): For 2,3,4,5-
tetrafluorobiphenyl: —140.3 (m, 2F), —145.0 (m, 2F). For 2,3,5,6-tetrafluorobiphenyl: —140.7 (m, 1F),
-144.9 (m, 1F), —156.3 (m ,1F), —158.2 (m, 1F). HRMS: m/z calc. 226.0406 (Ci2HsF.), found
226.0398, 226.0405. Spectral Data of 3r and 3r’ were identical to that of previously reported.[16]

3s: Following the general procedure in 0.5 mmol, 4-tolylmagnesium bromide and 3a gave white solid
purified by HPLC (82.0 mg, 52%). *H NMR (400.0 MHz, in CDCls, rt, /ppm): 7.52-7.28 (m, 9H),
1.54 (s, 3H). °F NMR (372 MHz, in CDCls, rt, 8/ppm): —144.6 (m). HRMS: m/z calc. 316.0875
(C19H12F4), found 316.0875.

Cy3P\ /I
d

F

\
PCy3
F ﬁ ;F

FF F

Isolation of 4: In a dry box, to a reaction vial equipped with stirring bar were added Pd(PCys). (202
mg, 0.3 mmol), Lil (41 mg, 0.3 mmol), CsFs (34.5 pL, 0.3 mmol) and 5 mL portion of THF. The
reaction mixture was stirred at 60 °C for 5 h in a metal bath. \Volatiles were removed in vacuo, and the
resulting solid was extracted with Et,O, filtered, and dried in vacuo yielding yellow solid of desired
product (197 mg, 68%). Recrystallization from Et,O at —35 °C afforded good crystals, which was
analyzed by X-ray diffraction. H NMR (400 MHz, C¢De, 1t): 5 = 1.0-2.4 (m, 66 H; Cy group); 1°F

-23-



NMR (376 MHz, C¢De, 1t): 8 =—111.2 (d, J = 27.4 Hz, 2 F), —164.7 (t, J = 20.1 Hz, 1 F), —166.0 (m,
2 F); 3P NMR (162 MHz, CgDe, rt): 6 = 29.3 (s); 3C NMR (100 MHz, C¢De, rt): 6 =37.1 (t, J = 9.7
Hz), 30.8, 28.0 (t, J=5.2 Hz), 26.7. The '3C signals assignable to the CsFs moiety could not be detected
due to multiple 3C-'°F couplings. Elemental Analysis: calcd (%) for C42HesFsIP2Pd: C, 52.48, H, 6.92;
found: C, 52.45, H, 7.10. X-ray data: M =961.19; colorless; monoclinic; P2:/c (no. 14); a=16.474(11)
A, b=16.227(10) A, c = 17.847(12) A, B = 116.358(6) °; V = 4275(5) A3; Z = 4; Deaica = 1.493 g cr1”
%, T =-120(0) °C; R1 (WR2) = 0.0551 (0.1086).

CysP !

F Pd
; ﬂ'F PCy;

F,¢" F

Complex 5: In a dry box, to a vial equipped with a stirring bar were added Pd(PCys)2 (334 mg, 0.5
mmol) and Lil (74 mg, 0.55 mmol) and the solid was dissolved in THF (8 mL). To the resulting
solution was added C+Fg (77.5 uL, 0.55 mmol). The vial was sealed and the reaction mixture was
heated at 60 °C for 1 h with stirring. All volatiles were removed by evaporation and the resulting solid
was extracted with hexane and filtered off. The hexane solution was dried out to yield 20 as yellow
solid (515 mg, 102 % (Such an over 100% yield was due to the contamination by a small amount of
hexane)). Purification was conducted by recrystallization from hot hexane to form yellow crystal. *H
NMR (400 MHz, in C¢Ds, rt, 5/ppm): 1.04-2.39 (Cy Group). °F NMR (372 MHz, in C¢Ds, rt, 8/ppm):
—58.7 (t, 21.0 Hz, 3F), —110.4 (m, 2F), —146.2 (m, 2F). 3P NMR (162 MHz, in CeDs, rt, 8/ppm): 29.6
(s). 3C NMR (100 MHz, in CgDs, rt, 5/ppm): 37.0 (t, 9.9 Hz), 30.6, 27.8 (t, 5.3 Hz), 26.5. The 13C
signals assignable to the p-CFs-CsF4 moiety could not be detected due to multiple *C-°F couplings.
Elemental Analysis: calc. C, 51.07; H, 6.58, found: C, 51.29; H, 6.70.

Cy3P\ /I

F Pd
; 4 r PCys

o7

FFF

Complex 6: In a dry box, to a vial equipped with a stirring bar were added Pd(PCys). (334 mg, 0.5
mmol) and Lil (74 mg, 0.55 mmol) and the solid was dissolved in THF (8 mL). To the resulting
solution was added CioFs (150 mg, 0.55 mmol). The vial was capped and the reaction mixture was
heated at 60 °C for 5 h with stirring. All volatiles were removed by evaporation and the resulting solid
was extracted with toluene and filtered off. The toluene solution was dried in vacuo and washed with
small amount of hexane. The solid was dried out to yield 21 as yellow solid (414 mg, 79 %).

Recrystallization from toluene/hexane gave yellow crystals. *H NMR (400 MHz, in C¢De, rt, 8/ppm):
0.99-2.40 (Cy Group). °F NMR (372 MHz, in CgDes, rt, 8/ppm): —90.3 (dd, 16.6 Hz, 66.7 Hz, 1F),
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—104.57 (d, 27.9 Hz, 1F), —149.8 (dt, 66.3 Hz, 16.0 Hz, 1F), —150.8 (dt, 16.6 Hz, 55.1 Hz, 1F), —155.0
(m, 1F), —160.8 (t, 19.0 Hz, 1F), —161.0 (t, 18.1 Hz, 1F). 3!P NMR (162 MHz, in C¢Ds, rt, 8/ppm):
28.98 (s). 13C NMR (100 MHz, in CeDe. rt. 8/ppm): 37.2 (t, 9.9 Hz), 30.8, 27.9 (t, 5.3 Hz), 26.7. The
13C signals assignable to the 2-C10F7 moiety could not be detected due to multiple 3C-°F couplings.
Elemental Analysis: calc. C, 52.76; H, 6.35, found: C, 53.15; H, 6.81.

F \Pd/ F

F FE F

F' F F F

Preparation of Pd(CsFs)2(py)2:1% To a two-necked round-bottomed flask equipped with a stirring bar
were added absolute ether (20 mL, dried over benzophenon ketyl) and chloropentafluorobenzene (740
uL, 6.0 mmol). The solution was cooled to —78 °C. To the solution was added Hexane solution of
"BuLi (1.6 M, 3.8 mL, 6.0 mmol) dropwise with stirring (Caution! Pentafluorophenyllithium is very
thermally unstable and in order to avoid explosion it must be prepared and reacted at low temperatures).
The colorless solution was stirred for 30 min at this temperature. Then, to the solution was added
Pd(py)2Cl2 (670 mg, 2.0 mmol). The resulting yellow suspension was stirred at this temperature for 1
h, and then warmed to room temperature and stirred for 2 h. The resulting white suspension was
guenched with 5 mL of ether (containing a small amount of water) and evaporated to dryness. The
residue was extracted with boiling acetone, and the acetone solution was filtered through a pad of
celite and dried out. Recrystallization from hot acetone/ ethanol at —30 °C overnight afforded 862 mg
of white needle crystal (72%). *H NMR (400 MHz, CDCls, rt): = 8.74 (m, 4 H), 7.64 (tt, J = 7.8 Hz,
1.5 Hz, 2 H), 7.23 (m, 4 H); °F NMR (376 MHz, CDClg, rt): § = -122.4 (m, 4 F), —160.4 (t, J = 19.5
Hz, 2 F), -162.5 (m, 4 F); 13C NMR (100 MHz, CDCls, rt): & = 153.4, 137.8, 125.4. The 13C signals
assignable to the CgFs moiety could not be detected due to multiple **C-1°F couplings. Elemental
Analysis: calcd (%) for Co2H10F10N2Pd: C, 44.13, H, 1.68, N, 4.68; found C, 44.11, H, 1.89, N, 4.74.
X-ray data: M = 598.72; yellow; monoclinic; P2:/c (# 14); a = 9.8891(10) A, b = 16.9318(13) A, ¢
=13.0111(12) A, p = 109.524(3) °; V = 2053.3(3) A3; Z = 4; Dearca = 1.937 g cm3; T = —150(0) °C; R;
(WR2) = 0.0355 (0.0786).

N
N\Pd/CI
F N\

N=
1 Q
F/F
Preparation of Pd(CsFs)Cl(py)2:[*?! To a round-bottomed flask equipped with a stirring bar were added
Pd(CsFs)2(py)2 (599 mg, 1.0 mmol), PdCI, (195 mg, 1.1 mmol), and acetone (35 mL). The resulting
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reddish brown suspension was heated at reflux temperature for 3 h with vigorous stirring. After the
reddish brown suspension of PdCI, disappeared, pyridine (1 mL) was added. After additional 30 min
of reflux, volatiles were removed by evaporation. The resulting solid was extracted with Et,O. The
solution was evaporated to dryness and recrystallization from acetone afforded white needle crystal of
Pd(CsFs)Cl(py)2 (541 mg, 58%). *H NMR (400 MHz, C¢Dg, rt): 5 = 8.60 (m, 4 H), 6.44 (it, J = 7.8 Hz,
1.5 Hz, 2 H), 6.13 (m, 4 H); °F NMR (376 MHz, C¢De, rt): = —125.1 (m, 2 F), —162.0 (t, J = 20.2
Hz, 1 F), —164.9 (m, 2 F); 13C NMR (100 MHz, C¢Ds, rt): 6 = 153.4, 137.6, 124.7. The *3C signals
assignable to the CgFs moiety could not be detected due to multiple **C-1°F couplings. Elemental
Analysis: calcd (%) for C16H10CIFsN2Pd: C, 41.14, H, 2.16, N, 6.00; found C, 41.29, H, 2.38, N, 6.09.
In the *H and *C NMR spectra, two pyridine rings were observed equivalently, indicating that two

pyridine rings would occupy the trans positions of the square-planar Pd(ll) geometry. The

configuration of the product, however, was not mentioned in the original literature.?

Preparation of 8: In a dry box, to a solution of Pd(CsFs)Cl(py)2 (434 mg, 0.93 mmol) in 7 mL of
pyridine was added PCys (287 mg, 1.02 mmol). To the resulting yellow solution was added hexane to
give yellowish white precipitate. The suspension was filtered off and washed with hexane to give
yellowish white powder. This crude material was recrystallized from acetone by cooling to —35 °C to
yield yellow block crystal of 24-Acetone (320 mg, 52%). *H NMR (400 MHz, THF-ds, rt): = 8.88
(m, 2 H), 7.85 (tt, J = 7.6 Hz, 1.5 Hz, 1 H), 7.45 (m, 2 H) , 2.1-1.0 (m, 33 H, Cy group); *F NMR
(376 MHz, THF-ds, t): 5 =—127.5 (m, 2 F), —=169.3 (t, J = 19.6 Hz, 1 F), —170.5 (m, 2 F); 3P NMR
(162 MHz, THF-dg, rt): 5 = 17.7 (m); 3C NMR (100 MHz, THF-ds, rt): 6 = 154.5, 139.2, 126.8, 33.6
(d, Jc-p = 17 Hz), 30.4, 28.3 (d, Jcp = 11 Hz), 27.0. The *3C signals assignable to the C¢Fs moiety
could not be detected due to multiple *C-'°F couplings. Elemental Analysis: calcd (%) for
C29H3sCIFsNPPd-(C3HsO): C, 52.90, H, 6.10, N, 1.93; found: C, 53.03, H, 6.29, N, 2.09. X-ray data:
M = 726.50; colorless; monoclinic; P2:/c (n. 14); a = 9.8563(4) A, b = 16.1075(7) A, ¢ = 20.7981(10)
A, B=100.527(2) % V = 3246.3(3) A3; Z = 4; Dcaica = 1.486 g cm3; T =—120(0) °C; Ry (WR2) = 0.0241
(0.0281).
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Preparation of 7: In a dry box, to a solution of 8 (145 mg, 0.2 mmol) in 10 mL of acetone was added
Nal (300 mg, 2.0 mmol). The resulting orange solution was stirred for 3 h. The solution turned to be
orange suspension. Toluene (30 mL) was added, and resulting precipitates were removed by filtration.
All volatiles were removed in vacuo, and the resulting solid was taken out of dry box. The solid was
washed with ethanol until no yellow color was observed in washings, then washed with small amount
of water and ethanol. The resulting solid was dissolved in acetone and dried in vacuo to give yellow
powder (83 mg, 55%). The complex was recrystallized from THF/Hexane. *H NMR (400 MHz,
Acetone-dg, rt): 5=28.86 (d, J=5.2 Hz, 2 H), 7.98 (tt, J = 7.6 Hz, 1.5 Hz, 1 H), 7.62 (m, 2 H) , 2.1-1.0
(m, 33 H, Cy group); **F NMR (376 MHz, Acetone-ds, rt): § = —123.2 (m, 2 F), —167.3 (t, J = 18.6
Hz, 1 F), —168.7 (m, 2 F); 3P NMR (162 MHz, Acetone-ds, rt): 5 = 21.0 (m); *C NMR (100 MHz,
Acetone-dg, rt): = 154.0, 140.0, 127.5, 35.1 (d, Jc-p = 18 Hz), 31.1, 28.5 (d, Jc-» = 10 Hz), 27.1. The
13C signals assignable to the CsFs moiety could not be detected due to multiple *C-°F couplings.
Elemental Analysis: calcd (%) for CooHssFsINPPd: C, 45.84, H, 5.04, N, 1.84; found: C, 45.92, H,
5.65, N, 2.39. X-ray data: M = 831.98; colorless; monoclinic; P2:/n (no. 14); a = 9.9348(4) A, b
=16.3295(7) A, ¢ = 21.2257(9) A, B = 105.0560(10) °; V = 3325.2(2) A3; Z = 4; Dcaica = 1.646 g cr
%, T = -150(0) °C; Ry (WR2) = 0.1348 (0.3479).

Reaction of 4 with ZnPh;: In a dry box, the mixture of 4 (9.6 mg, 0.01 mmol), ZnPh; (11.0 mg, 0.05
mmol), and Lil (13.4 mg, 0.10 mmol) was dissolved in THF-dg (500 uL). To the reaction mixture was
added PhCFs (10 pL) as an internal standard. The solution was transferred to a J-Young Tube, heated

at 60 °C and analyzed by NMR spectroscopy.

Reaction of 7 with ZnPhy: In a dry box, to a vial charged with 7 (7.6 mg, 0.01 mmol) was added THF-
ds solution of ZnPh; (2.6 mg, 0.01 mmol), PCys (2.80 mg, 0.01 mmol), and Lil (1.3 mg, 0.01 mmol).
To the reaction mixture was added PhCF3 (10 pL) as an internal standard. The solution was analyzed

by 1°F NMR spectroscopy.
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Chapter 3

Ni/B(CsFs)s Catalyst System for Highly Selective Crossed-Dimeriz