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Table 1.1  Dates and historical key events in the development of fluoroorganic chemistry.

Time Key event
1764 First synthesis of hydrofluoric acid from fluorspar and sulfuric acid by
A. S. Marggraf, repeated in 1771 by C. Scheele CaF2 + H2S04 — HF
1863 Synthesis of benzoyl fluoride as the first fluoroorganic compound by
A. Borodin  PhCOCI + MF —> PhCOF + MCI
1886 First synthesis of elemental fluorine by H. Moissan (Nobel Prize in 1906) by
electrolysis of an HF—KF system  HF-KF — F2 (gas)
1890s Beginning of halofluorocarbon chemistry by direct fluorination (H. Moissan)
and Lewis acid-catalyzed halogen exchange (F. Swarts) XCH + MF — FCH
1920s Access to fluoroarenes by the Balz—Schiemann reaction Ar-N2+ BF4- —> ArF
1930s Refrigerants (Freon, in Germany Frigen), fire extinguishing chemicals

(Halon), aerosol propellants. Fluorinated dyes with enhanced color fastness.
1940s Polymers (PTFE = Teflon), electrochemical fluorination (H. Simons)



1941-1954 Manhattan Project: highly resistant materials for isotope separation plants,
lubricants for gas centrifuges, and coolants [RYRDFFE (Manhattan Project)

1950s Fluoropharmaceuticals, agrochemicals, artificial blood substitutes, respiratory
fluids, and chemical weapons

1980s Gases for plasma etching processes and cleaning fluids for the semiconductor
industry

1987 The Montreal Protocol initiates the phasing-out of CFCs YV > [ DR

1990s Fluorinated liquid crystals for active matrix liquid crystal displays (AM-LCDs)

2000s Fluorinated photoresists for the manufacture of integrated electronic circuits

by 157 nm photolithography
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Atomic radii (JRF37%) in picometer (1 pm=1x10-2m)
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jonic radii (-1 7 > 31%) in picometer (1 pm=1x 10 -2m)
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HhiEF%,

on+°5U-%Kr+'"2Ba+3'n

Zoh 4 F(0.025 eV)
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CHCIF, —————> :CF, + HCI

K,S,0g, emulsion
in water

Y
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PTEF(polytetrafluoroethylene)
(Teflon)

J.K. Plunkett with a cut cylinder of polymerized tetrafluoroethylene
at Du Pont(1938)
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Joe O’ Donnell (1922-2007)






This is an aerial view of Sasebo. Buildings of steel reinforced with concrete seemed
like the only safe haven. People filled the rooms from the top floors down. As the fire
neared the bottom floor of the structures, flames were sucked into the bottom floor and

the buildings became a fiery inferno, roasting those inside.
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The children's playground was a pile of rubble and broken bits of debris. After offering
them an apple, the oldest grabbed it from my hand; they were starving. But despite
their intense hunger, they shared the apple, even the skin and core. | tried not to gag
as | watched them eating the black flies which covered the entire apple until it was

gone. _ I , : _
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Many of these children had lost both parents either to the war or to the bomb. Those
who had no other living relatives became both mother and father to the babies. | don't
know where they slept, what they ate, how or even if they survived. It is estimated that
there were over 6,500 A-bomb orphans in Hiroshima alone.,
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DRESSED LITTLE GIRL

After offening this chid and her mother candy
1 asked why the lutle gl was 30 dressed up
Although ber et \‘-.|'.- hitle Englsh,
chrough signs and beoken words she explained
¢ wai 2 special day and they were gong to the
shnne. She abo todd me that the ¢hild couldne

SAr anvihung Saddened by ths. | asked whas

bappened. She told me thar when Amencan

bomberys were hieve sigheed mochen woeld run

10 thew Chaldren and soedl cotton or soft cloth

WEO N A I ot et chem from che
evartating sound. Unfortunarely chis mother

dadn't geet 20 her daughtcr = tamme, and the

bombs belt betr votally and permasently deal



This older boy brought his dead brother to the cremation site to be removed from his
back and placed on the hot bed of ashes -- his funeral pyre. The older brother stood at
attention like a soldier, never looking down, his chin stern, and only the bitting of his
lower lip betraying his emotions. Afterwards, he quietly turned and walked away. |
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It saddened me to learn that this man had lived in America but was caught by the war
when visiting family in Japan. He spoke frankly, “I lost my entire family and most of my
friends. They were like you and me, innocent ones, and they did not deserve to die. |
can forgive America, but don't ask me to forget. Like planting seeds in the dirt, busldings
will rise out of these ashes, but unfortunately not in my lfetime. You tell your people
what it was like after the bomb.” Now, 50 years later, the burden of my promise to him

is being fulfilled
" OARTAVACEELTULEY, ROBUZZEHAXCOLINKEDRS, Rpiz e
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With thermal burns over his entire body, he clung to life. His massive burns caused
excruciating agony. Watching him suffer and the stench of bumed flesh made me sick.
| wanted to stop breathing, to stop seeing the maggots and flies feasting on his open
wounds. You will see few pictures such as this in my exhibit. | will not exploit these vic-
tims again.
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Outside the window, a grim scene. Inside, life goes on for a new generation of
Japanese school children. The true story of a courageous girl who succumed to
radiation sickness, told in the book A Thousand Cranes, is just one way Japanese
people choose to remember the ongoing tragedies of Nagasaki and
Hiroshima.Remembering, for we cannot, we must not, let anyone become the victim or
the attacker again.
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Children followed me everywhere, for they knew marines had candy, chewing gum,
and food. This picture shows a typical scene with a young marine handing out
sweets. Japan's food supply had been cut off from the Pacific for more than a year,
and ships from Asia, Korea, and China had been sunk by our planes. The Japanese
were starving.
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http://www.japanprobe.com/2008/08/08/
joe-odonnells-photos-of-nagasaki/

Joe O Donnell
20078 AG6HME
(877%)



Tyge O'Donnell(middle) with Hibakushas Mr. Hayasaki(left) and Mr. Taniguchi(right)
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Table. Comparison of several properties of C-X bonds and C-C bond

X H F Cl Br I C

EEeEC-X bondlengtt 109 138 177 194 213 -
HEIFRILF—P vondenerey 98.0 115.7 77.2 64.3 50.7 ~83
E SIS (<) slectronegatviy 2.20  3.98 3.14 2.96 2.66 2.55
BB FE—AE 9o (0.4) 1.41 1.46 1.38 1.19 -
van der Waals radius® 120 147 175 185 198 -
EFMBEE P Somicmiy 0.667 0.557 2.18 3.05 4.7 -

a) pm, b) kcal mol™!, ¢) w(C-X) (D), d)pm, e) 10%*cm™3

dielectric const. CF,, (1.69) vs C,H,, (1.89) vs C;F,-C;H (5.99)



Table 1.4 Comparison of selected physicochemical properties of n-hexane (1) and its perflu-

orinated (3) and semifluorinated (2) analogs [36].

FF FFFEFE
P i T Y F\(.k(\/ F Z '
1 FFFF , FFFFFF
¢ - 3
1
Property 1 2 3
B.p. (°C) 69 64 57
Heat of vaporization, AH,, (kcal mol ') 6.9 7.9 6.7
Critical temperature, T, ("C) 235 200 174
Density, d° (g cm ) 0.655 1.265 1.672
Viscosity, n>* (cP) 0.29 0.48 0.66
Surface tension, y?> (dyn cm™!) 17.9 14.3 11.4
Compressibility, B (107% atm ™) 150 198 254
Refractive index, ny*’ 1.372 1.190 1.252
Dielectric constant, € 1.89 399 1.69




Steric
repulsion

F FF FF F
(a) (b)

Figure 1.2 The zigzag conformation of octadecane (a) compared with the helical perfluo-
rooctadecane (b), modeled at the PM3 level of theory [39, 40].



Boiling point (°C)

1 2 3 4 5 6 7 8 9 10
Chain length n (for CHo,,5 or C,Fo.»)

Figure 1.3 The boiling points of homologous alkanes (#) compared with those of the cor-
responding perfluoroalkanes (M) [36].



Boiling points (°C)

4 5 6

Figure 1.4 Boiling points of linear and branched isomers of perfluoropentane (white bars)
and pentane (gray bars) [36].



Number of fluorine substituents n (CH,_,F,,)

0 1 2 3 4
0 = | = 2.5
—20 T 1.97
1.85 5
"‘40 T \ 1 65
\ .
O 60T —51.6
2 ~78.6 _82.2
| 128 | T1
8 -120 + z
—140 —161 - 0.5
~160 +
0 / 0
-180 0

Dipole moment u (D)

Figure 1.5 Boiling points (gray bars) and dipole moments (D) (4, numerical values in ital-

ics) of methane and the different fluoromethanes CH, _

.Fn [36].
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Figure 1.6 (a) Comparison of the distri-
bution of natural partial charges q (e) on
CH,, CH,F,, and CF, (MP2/6-31+G**
level of theory) [46] and (b) the cal-
culated structure (AM1) of a doubly

hydrogen-bridged difluoromethane dimer.
The electrostatic potential (red denotes
negative and blue positive partial charges)
is mapped on the electron isodensity

surface [40].



quadrupole moment

UERE—A> F

+31.7 x 107.C m—=

Figure 1.7 X-ray crystal structure of the benzene—hexafluorobenzene 1:1 complex, mea-
sured at 30 K in the lowest-temperature modification [49b].



C-F Bond Length calculated by MP2/6-3 1+G(d.p):

CH.,F (140 pm) > CH,F, (137 pm) > CHF; (135 pm) > CF, (133 pm)

Figure 1.9 Resonance stabilization of the carbon—fluorine
bond in tetrafluoromethane, and electrostatic and steric
shielding against nucleophilic attack on the central carbon
atom. The electrostatic potentials are mapped on the elec-
tron isodensity surface (calculation at the MP2/6-31+G*
level of theory [40, 46]; red denotes negative and blue posi-
tive partial charges).




Positive (Fluorine) Hyperconjugative Stabilization of A-F Bond
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Si-F bond is stronger than C-F bond
due to positive (fluorine) hyperconjugative stabilization
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fluorine: electron-donor



Table Acidities(pKa) of organic acids
iIn comparison with their fluorinated alnalogs

Acid pK

d

CH,COOH 6
CF,COOH 0.52
C,H.COOH 4.21
C,F.COOH 1.75
CH,CH,OH 5.9
CF,CH,OH 2.4
(CH,),CHOH 16.1
(CF,),CHOH 9.3
19.0
54
10.0
55

N
|

(CH,),COH
(CF,),COH
C H.OH
C,F.OH




Table Basicities(pKb) of organic bases
in comparison with their fluorinated alnalogs

Base PK,
CH;CH,NH, 3.3
CF,CH,NH, 8.1
C.H:NH, 9.4

N
(W
QN

C.F.NH, 1
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‘O +0,+M —> O3+ M’

Scheme 1.2 Mechanism of ozone formation in the stratosphere [59]. Dioxygen is photo-
chemically split into atomic oxygen, which adds to another dioxygen molecule. The excess
energy from the recombination is carried away by a collision partner (M).
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CFC(ChloroFluoroCarbons)

Figure 1.10 Catalytic ozone degradation by CFCs in the stratosphere [59].



Table 1.7  Atmospheric lifetimes, global warming potential (GWP), and ozone-depleting po-
tential (ODP) of different fluorochemicals. The GWP of a material is the integrated radiative
forcing over 100 years after release of 1 kg divided by the integrated radiative forcing over the
same period from release of 1 kg of carbon dioxide [62, 65, 66a].

Compound Atmospheric lifetime GwWP ODP
(years)
CE, 50 000 5700 —
C,F, 10 000 11 400 —
CF,Cl (CFC-13) 640 14 000 1.0
C,F.Cl (CFC-115) 1700 10 300 0.6
CF,Br (Halon 1301) 65 6 900 10.0
SF,CF, 1 000 17 500 —
SF 3200 22 200 —
CHF, (HFC-23) 243 14 800 —
CH, FCF; (HFC-134a) 13.6 1 600 —
C,F,OC,H¢ (HFE-7200) 0.77 55 —
HFO-1234yf - 4 -
HFO-1234ze — 6 —
HFO-1233zd — 7 —

HFO-1234yf ~ HFO-1234ze

Cl A F
\/\F F
F
HFO-1233zd

Scheme 1.3 Second-generation CFC re-
placements with reduced global warming
potential [64].

HFO(HydroFluoroOlefins)



First cleavage site (o The “alternating” toxicity of
o -fluorocarboxylic acids
R S-CoA
Oxidation C{FAD Oxidation { NAD*
FADH, N NADH + H*
| O

y O O
RWLS-CO A /\)]\/U\
R S-CoA

. H,O
Hydratation | "2 -CoA
y Thiolse T T 2o
/\'/cl)i/l?\ Next cleavage site 0 # o
R S-CoA &
R S-CoA )I\S-COA

Hﬂ;ﬁﬁiﬁﬂﬁﬂﬁ@_ HS2IADBEEEE (highly toxic)h' Al
FHRRFRBHEHNSI-2ILF070EF v #(less toxic)H ERL

Scheme 1.4 The “alternating” toxicity of w-fluorocarboxylic acids can be explained by the

oxidative metabolism of fatty acids in C, units. Only if the number of carbon atoms is even

is the final oxidation product the highly toxic fluoroacetate [72]. Odd-membered w-fluoro
fatty acids are metabolized to the less toxic 3-fluoropropionate.
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Scheme 1.5 Formation of the toxic glutathione—perfluoroisobutene adduct.

/u\’< Scheme 1.3 Second-generation CFC re-
F F A F Cl .~ F placements with reduced global warming
- F \/\KF \/*F potential [64].
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19F-NMR chemical shift

F> NF; SFg  CF,; BFj3
| i | | | i | v | i | ? | 6
| | | | | | | |
+500 4400  +300  +200  +100 0 -100  —200
. ArF '
| |
=C-F
C(O)F CF, CFH,
— ! | .
| CF3 | ICF2HI | CHF |
| | | | | |
| =i |
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| |
CFCl; CFzCOOH CoFe CFHj
| | | i | Y | Ii ] | * IS
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Figure 1.11  '°F chemical shifts for different fluorochemicals and fluorinated fragments
[80].



FI 0 aqueous vs fluorous
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1-phase region

" perfluoro(methylcyclohexane)
- /benzene two-phase system -

Temperature T (°C)
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o
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2-phase region f f
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Molar fraction x (benzene)

Figure 6.1 Phase diagram of the perfluoro(methylcyclohexane)/benzene system (x denotes
the molar fraction of benzene; The line marks the critical temperature T_ above which com-
plete miscibility occurs [4, 7].
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Figure 6.2 Principle of the Union Carbide
hydroformylation process [12]. The reac-
tants, precatalyst, and fluorous ligand in a
fluorocarbon—hydrocarbon system are heated
under carbon monoxide and hydrogen

pressure to allow the catalyzed reaction in

a homogeneous phase. On cooling, the sys-
tem separates and the expensive catalyst can
be separated and re-used with the fluorous
phase.
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"isolation" against inductive "anchor" for selective solubility
effect of perfluoroalkyl chain in fluorous phase
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Scheme 6.2 Design and synthesis of the fluorous phosphane ligands and the catalyst for
fluorous biphasic hydroformylation [13].
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Hildebrand-Scatchard Regular Solution Theory

Te: critical temperature

K(v; +7)) comETETsRTORS T @IRE—cRL Y5

I =
4R R: universal gas constant S#EH
= X 2
I( — (él e 52) e .
vi: molar volume #FioE i@
K(J m3):
A HY RESFEHEEEAIRIVF—ICN T IRESFZRIEEER
5 — : IRNWVF—DEEEZTIRE
= o RAFMETSERIRIVEF-DNNSBIEKIZIRELLY,
= i ThHASL<EBDE. —#HOmissibility (Ba1E) IFE<S 2B,

& (MPa®-5) : Hildebrand parameter

AHV : enthalpy of vaporisation
BFEIVHIE—



EHNNLBEIVEBI1O0OmMICTHUT, |§1— 62| < 7 MPa®s DiF
R C_HITRUL Y H 5 (missible),

& (MPa®-5) : Hildebrand parameter

very low
pefluorohexane 12.1,
perfluorotributylamine 12.77

intermediate

n-hexane 14.9, toluene 18.2,
dichloromethane 19.8,
acetonitrile 24.3

high
methanol 29.77, ethylene glycol 34.9,
water 48.0



Fluorous Biphase-separation at Room Temperature
with Organic Solvents with a Hildebrand Parameter of
&=~ 18MPa0°-5

Green-Reaction Medium J'VJ— RItiaig
BERRIRRECEMLRFEE/ /2IVASRBE ZH*R

Supercritical Carbon Dioxide(scC0O2) with a
pressure-dependent & value between fluorous and
organic solvents|[ & (scC02)]

S(scC02)] = 18.2 MPa®5 x psc/ piiq
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+ Rule 1: The fluorine content must be at least 60% by molecular weight.
RFIEDVEL<EH6 0%IISHI7VRE

» Rule 2: The longer the fluorous ponytail, the higher is the partition coefficient
and the lower is the absolute solubility in both phases. On the other hand, an
increase in the proportion of “anti-fluorous” (fluorophobic) [19, 20] domains in
the molecule increases the absolute solubility in the organic phase.
2)WASRAENRS LD &, 2IF S RABRADRBFRMIIAE < B DY,
(Plorophobiclls 2 1u3 5 R 2 (antr-fuorous A B S HIc M2 5 £ il
BRAAOBREN 2T, A 7

+ Rule 3: Increasing the number of fluorous ponytails leads to an increase in

the partition coefficient while retaining acceptable solubility in the fluorous
phase [21].

2)ASRAEHDBIET &, 2IVFSRABRADRBBRMUIIKRE <BBH,
F20WASRABHRENDBREEITEDXXICHRIEN S,



+ Rule 4: The number of “anti-fluorous” functional groups capable of attractive in-
termolecular interactions, via electrostatic forces, hydrogen bonds, or dispersion
interactions, must be minimized [22]. An example of such an “anti-fluorous”
effect is the low fluorophilicity of hexafluorobenzene (12) and pentafluoroben-
zene (13), despite their high relative fluorine contents. Both compounds can
participate in specific electrostatic interactions with electron-rich hydrocarbons,
for example, the toluene component of the biphasic test mixture.

BENOAKRBSOLRBNLEICI SN FHMEEEALAELRIIVA S RE
(anti-fluorous)BEEEDMIIRINC T AIANEZTH S,

R2IvA SRR DH:

SHED 7 v e SB I Hhexafluorobenzenepentafluorobenzene®
{&L\fluorophilicity, M{ESHPLBIC, BRLEFEMEERICEOT, FILT
YDESICBRVYFRRIEKRIEEY (BBEEME) (CHRATJsEEL S,



Table 6.1  Partition coefficients (P.) at T = 24 "C in the perfluoro(methylcyclohexane)—

toluene system, fluorophilicity parameters (f), and fluorine content (fluorine as a percentage

of molecular weight) of a variety of fluorinated and non-fluorinated compounds.

Compound P. f; Fluorine content (%)
4 0.10 —2.31 0
5 0.98 —0.02 60
6 10.36 2.34 64
/ 9.75 2.28 64
8 10.24 2.33 64

CH,)4oH
©/( 2)12 ©/\/\(CF2)8F
(CF,)gF
CF2 8F CF2)8F
(CFz)sF
6 7
(CF,)gF

(CF,)gF



Compound P. f; Fluorine content (%)

9 2.80 1.03 62
10 37.46 3.62 67
11 > 3000 >8 66
12 0.39 —0.94 61
13 0.29 —1.24 57
(CF,)6F (CF2)1oF I H
9 10 F F F F
(CFy)gF F F F F
(CF5)gF F F
" 12 13

(CFp)gF
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SN[N(SO,CgF17)2l4
28

0 O

96% conversion (99% selectivity)

28 (1 mol%), CF,C¢F,,—(CH,CI), 1:1,
350/0 aq. H202, 50 OCv 1 h

O
94% conversion (99% selectivity)

—- O

350/0 aq. H202, 50 OC, 2 h

ﬂ O 67% conversion (99% selectlwty
28 (3 mol%), CF,C4F,—(CH,CI),

H,C
35% aq. H,0,; 50 °C, 5 h

Scheme 6.12 Baeyer—Villiger oxidation of ketones to the corresponding lactones. The ox-
idations were conducted in a fluorous biphasic medium in the presence of the fluorous

tin(IV) complex 28 as Lewis acid catalyst. The selectivity is defined as the ratio of the quan-
tity of lactone formed to that of ketone used [36].
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CeF5CF5 1, 5h

no solvent: 0%
FC-75 : 95%
O,, Me;CHO,
solvent; 25 °C, 4 h

Scheme 6.8 Catalyzed and uncatalyzed biomimetic oxidations in fluorous solvents (FC-75
consists mainly of perfluoro n-butyltetrahydrofuran, b.p. 102 "C, commercially available from
3M) [30, 31].
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TIPSO\/\/”\H = >~ TPso_~_ -

3 mol% 25, O, (1 atm),
toluene—perfluorodecalin;

64 °C, 12 h
o
1%
g i > _ S.
Ph Ph 3 mol% 25, O, (1 atm), Ph Ph
1.6 equiv. Me,CHCHO,
toluene-Cg4F ,;Br;
60 °C,10-16 h
O 0
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5 equiv. Me,CHCHO,
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A - Ao

5 mol% 26, O, (1 atm),
1.5-2 equiv. Me,CHCHO,
toluene-Cg4F ,:Br;

50 °C,12h

Scheme 6.10 Oxidations with molecular oxygen, catalyzed by fluorous ruthenium and
nickel B-diketonates (25 and 26) [33].
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tBuOOH (1.5-3.5 equiv.),
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F15C7 O
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tBuOOH (1.5 equiv.),
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F1SC7 27 56 °C
59%
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Ph tBuOOH (1.5 equiv.), \H/\COOEt
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56 °C

Scheme 6.11 Wacker oxidation of olefins with a fluorous Pd(ll) catalyst (27) in a biphasic
system [34].
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Scheme 6.13 Enantioselective epoxidation of olefins with fluorous Jacobsen—Katsuki cata-
lysts 29 and 30 (a) [38a], and the synthesis of these catalysts (b) (D-100 consists mainly of

n-perfluorooctane, b.p. 100 “C, and is commercially available from Ausimont).



