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Abstract

On the basis of the definition of perfluoroorganoelement compounds, their preparation and chemical reactions are described. The element
displacement principle is developed and a periodic system of functional groups is provided. On this base R¢E- and functional groups are
defined as paraelements. Evidence for this new concepts are provided. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction and limiting definitions

In the second half of the last century, a new branch of
chemistry emerged: perfluoro- and perfluorohalogeno-
organo element compounds.

Intensive investigations in the field of fluorine chemistry,
carried out during the Manhattan Project, motivated
researchers to stay in this fascinating area and attracted
other researchers worldwide. A substantial number of new
perfluioro- and perfluorohalogenoorgano compounds
became available as synthons, encouraging chemists to
develop this new branch of chemistry. The field of perfluor-
ohalogenoorganoelement compounds of the main group
elements and later, in a period of steady growth, also of
the transition metals expanded continuously. The structural
and mechanistic concepts of organic chemistry were com-
bined with modern synthetic approaches from inorganic
chemistry.

In a period of about 20 years the number of compounds
had increased to such an extent that it became necessary by
using comprehensive and precise definitions to establish
border lines with respect to inorganic and organic chemistry,
bearing in mind the many close associations of both of these
areas. Considering this, compounds of the type (R¢).E™Y,, _ .
were E is the main group element (excepting O or C), m the
oxidation state of E, Y the monofunctional group and Ry is
the (a) perfluoroaliphatic radicals such as C,,F,,, , 1,C,Fa, _ 1,
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C,F», _ 3, corresponding polyenes and -ynes, cyclo-C,F,, _
and unsaturated aliphatic cyclo-radicals, n =1, 2, 3...; (b)
perfluorohalogenoaliphatic groups such as C,F,, | | _ X,
C.Fa,— 1+ 9Xis CF, — 3 + »X;, corresponding polyenes
and -ynes, cyclo-C,Fy, _ (1 + »X; and unsaturated aliphatic
cyclo-groups, i = 1,2,... until one F-atom is left. X = CI,
Br, I, OH.. .., not H; (c) perfluoroaromatic and perfluoro-
halogenoaromatic moieties, were synthesized and charac-
terized both physically and spectroscopically.

This chemistry has been studied extensively. These
limitations are arbitrary and have their origin in the
comprehensive summary published in “Gmelin Hand-
book of Inorganic and Organometallic Chemistry” [1]. It
was necessary to establish a border between organic and
inorganic chemistry by defining ‘“‘title compounds’ (see
[1]) as having no CH bond, but at least one fluorine
atom in the perfluorohalogenoorgano moiety. These
boundaries are arbitrary and artificial. One is free to
include also, to some extent compounds containing CH-
bonds into this branch of chemistry, if appropriate. These
clear limitations, as well as the precise definitions, organiza-
tion and the publication of these compounds and their
properties in Gmelin’s Handbook might be considered
as a cornerstone of this field of chemistry. The publication
does not include perfluorohalogeno-organo-oxygen com-
pounds, which, without any doubt, should have been
included. They were omitted because of the vast number
of such compounds.

Special features of the perfluorhalogenoorgano group are
its chemical inertness, being stable to nucleophilic and
elctrophilic attack, and its ability to form strong carbon-
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element bonds. Thus substitution of higher valent elements
with R-moieties reduced their valency depending on their
nature by 1, 2 or 3 units when they became substituted by 1,
2 or 3 mono valent R¢-radicals, e.g. E" - RE-(E=0,S,
Se, Te), EM — RE= — (Rp),E- (E = N, P, As, Sb, Bi) etc.
In this way it became possible to control the reactivity of
multivalent elements, e.g. RP=, (Rp),P—, (Rp)sP'=, RS—,
(Rp>S"Y=, RiGe=, (Rp),Ge=, (Rp);Ge— and to study the
chemical reactivity of a single reactive unit such as
(Rp)3Ge—, (Rp)oP—, RS- or, if intended, a double reactive
unit, e.g. (R),Ge=, R¢P=, (Rp),S"V=. Ideal substituents were
CF; as an example for an aliphatic and C¢F5 for an aromatic
perfluoroorgano group.

2. Reactions and educts

The first synthesis for CF;I was published in 1948. It was
prepared from CI, and IFs in 90% yield [2,3]. This impor-
tant starting material can readily be prepared by a Huns-
diecker reaction. Treating R{C(O)OAg with I, at elevated
temperatures yielded R [4,5] according to:

(Rf = CF3, CyFs, n-C3Fy)
Manufacturing processes for these educts involve a two
step reaction.

catalyst

5 CF,=CF, +1IFs +21, — 5C,Fsl
C2F5I + nCF2:CF2

(n=2—4[6]).

—  CF;CF,(CF,CF,),1

Fluorination of C¢Hg with CoFj5 yielded octafluorocyclo-
hexadiene, which could be aromatized with hot Fe or Ni
forming hexafluorobenzene [7] in good yield. Another route
to CeFg was the total fluorination of C¢Clg with KF or NaF in
a polar solvent or using KF without a solvent at 450-500°C,
yielding 21% CgFg, 20% CgFsCl, 14% Cg¢F4Cl, and 12%
CeF3Cl5 [8-10].

Suitable synthons for the preparation of CgFs-element
compounds proved to be C¢FsX (X = Br, I). They were
prepared by the halogenation of C¢FsH with a stirred
mixture of Brp, 20% oleum and anhydrous AlBr; or I,
dissolved in 20% oleum in good yields [11]. Another
synthesis involved the diazotization of CgFsNH, with
NaNO, in 80% HF and treating the [C¢FsN,]F formed with
Cu,Br; in hydrobromic acid or adding sulfamic acid and
finely ground KI to obtain good yields of C¢FsBr or CgFsl
[12], respectively. Ignoring the true chronological order of
the development of perfluoroorganoelement chemistry, it
should be mentioned that one general method was applic-
able for the preparation of such compounds: heating CF;l
with non-metals or metals in sealed tubes at about 160—
300°C or irradiating the mixture before heating to 120°C
[13].

(E =P [14-16], As [17,18], Sb [19])

CR:I+S — CF;SSCF; + CF;SSSCF; [20,21]
CS, +1Fs  '2°  CF3SSCF;[22]
CR:I+Se " 2°C  CF;SeCF; + CF;SeSeCF; [23]

120°C/Cd/Hg
—

CR:l+Hg 2 CF;Hgl (CFs),Hg [24].

Starting materials for the preparation of perfluoroarylele-
ment compounds were Gringard reagents and lithiated
synthons.

Using C¢Fs as a representative ligand for such derivatives,
the corresponding educts were prepared according to:

CeFsX + n-CyHoLi 0 C ¢

(X =H [25], CI [26], Br [27], I [28])
CeFsY + Mg (activated by I,) —  CgFsMgY

(Y = C1[29]; Br [30,31]; I [31]).

These metallated pentafluorophenyl compounds were
utilized, among others, in metathetical reactions with ele-
ment halides to make C¢Fs substituted element compounds.
Replacement of CgFs by other perfluoroaryl groups pro-
vided compounds with other radicals [1].

Special methods were used for the synthesis of substances
with high synthetic potential, such as Hg(SCF;),, CF;SCl,
CF3;S0O,Cl and CF3SO;H. Fluorination of Cl;CSCl with
NaF in tetramethylene sulfone at 170-250°C is the best
method for synthesizing CF;SCI in good yields and pre-
parative quantities [32]. Oxidation or chlorination in aqu-
eous solution provided CF3S(O)Cl [33] or CF3SO,Cl [129].
Alkaline hydrolysis of sulfonyl halides is a general method
for synthesizing the corresponding perfluoroorganosulfonic
acids [34-37]. Among these, CF;SOsH (trivial name “triflic
acid”; its esters and salts are commonly known as “tri-
flates”) is now available commercially and is made on a ton
scale. Perfluoroorganosulfonyl fluorides were obtained by
electrochemical fluorination of the corresponding organo-
sulfonyl chlorides in anhydrous HF [38].

Perfluorinated azaalkenes are important building blocks
for the preparation of perfluororganonitrogen compounds,
as having a very varied and diverse chemistry. In addition to
many individual targeted synthesis, they are prepared by
pyrolysis of the corresponding tertiary amines, heterocycles
or copolymers formed from R(NO and perfluorinated olefins
[54,55]. Highly fluorinated alkenes when treated with nitro-
gen oxides (NO, NO,, N,03) form compounds like
O,NCF(RpCFR{)X (X = NO,, ONO, NO) [56]. Dehydra-
tion of amides, such as R{CF,C(O)NH, or H,NC(O)(CF),.
C(O)NH, yielded the corresponding CN-substituted
derivatives, which are also important starting materials
for the development of R(N-chemistry [57,58]. Of similar

CeFsLi
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importance is the synthesis by electrochemical fluorination.
Compounds of the type R{NF,, (R¢),NF, (Rf);N or CsF N
were prepared in this way. Defluorination of CsF; ;N yielded
perfluorinated di- and tetrahydropyridine as well as penta-
fluoropyridine [59].

Perfluoroorganooxygen compounds play an important
role in fluorine chemistry although oxygen in contrast to
S, Se, P, etc. has only the oxidation states 41, —1, -2 in these
compounds. Besides a limited number of perfluoroorgano-
cyclo derivatives, which are prepared either by electroche-
mical fluorination, direct fluorination with F, and other
fluorinating agents or by specific synthetic procedures,
there are a substantial number of linear perfluoroorgano
derivatives of oxygen. This field is dominated by sub-
stances like R{OR;, R{OOR;, R{OX (X =F, Cl), R{OOF,
(Rp)>C=0, RLC(O)Y (Y = OH, halogen) and (Rf),C=C=O0.
Without any doubt perfluoroorganocarboxylic acids are
besides, ketones, the most important molecules and some
of them like CF;C(O)OH or (CF5),CO are prepared indust-
rially.

The first derivatives, the hypofluorites, were synthesized
mainly by Cady and his group. Fluorination of CO
[60,61,65,66] CO, [62], COF, [61,63] or CH30H vapor
[61] with F, in the presence of a AgF, catalyst provided
CF;OF in high yields. Irradiation of CF;OF yielded
CF300CF; and reactions with SF, gave CF3;0SFs
[64,67-69], with SO; at 245-260°C mainly CF;00SO,F
and with SO; in the gas [65] and liquid phase [66] a series of
esters were obtained. Perfluorocyclopentene added to
CF;O0F across the double bond to form perfluoro(methox-
ycyclopentane) [66]. The hypofluorites RC(O)OF
(Rf=CF;, C,Fs) were prepared from CF;C(O)OH
[67,68] or CF;CF,C(O)OH and F, diluted with N, [69].
Meanwhile it was shown that direct fluorination of poly-
fluorinated alcohols or hexafluoroacetone in the presence of
water under mild conditions provided the corresponding
hypofluorites [73] according to:

CF;CH,OH CF;CF,0F

CF;CH,CH,OH CF;CF,CF,0F
+F, —

(CF3)2CO + H,0 (CF3)2CFOF

(CF3)COH (CF;),COF.

The hypofluorites are strong oxidizing reagents and
CF;O0F is commonly used as an electrophilic fluorinating
reagent. Probably the best method of preparing fluoroox-
yperfluoroalkanes are MF (M = K, Rb, Cs) catalyzed addi-
tion of F, across the C=0 bond of perfluorinated ketones
[74], e.g.

RfC(O)F + F2 - RfCFzOF; Rf = F, CF37 C2F5
(CF3)2C=O +F — (CF3)2CFOF
FC(0)(CF,),C(O)F+F, — FO(CF,),OF;

n=2,3 n=4,5.

Replacing F, by CIF provided C,F,, , OCl (n =1, 2,
3)...[75].

(Rt)ZCO + CIF — (Rt)2CFOC1, Rf =For CF3

Bis(fluorooxy)perfluoroalkanes extended the class of
fluoroxy derivatives: the first member of this series
CF,(OF), was made by fluorinating CF3;C(O)ONa or
Na,C,04 with F, [76] or from CO, in the presence of
CsF [77,78]. Higher members, such as CF;CF(OF), and
(CF3),C(OF), were synthesized analogously [79].

Perfluorinated ethers were readily prepared in good yields
by electrochemical fluorination of ethers [70,71]. In this
way (C,H,, , 1),0 was converted into (C,F,, ; 1),0

(n = 1-6) [70]. Cyclic ethers ICHz(CHz)nlo gave ICF;(CF;)..]O
(n= 1—4)l [71]. Treatment of cyclic ethers with AICl; gave
perfluorocarboxylic acids according to:

Oleum

R,CF(CF,),CF, AlCl, R,CCI(CF,),CCl, R,CCI(CF,),CO

L_o—] L_o—] L_o
hydrolysis _ R C(O)(CF,),C(O)OH  [72]

Photochemically initiated reactions provided perfluoroor-
gano peroxides. An elegant synthesis of FC(O)OOC(O)F
from CO, O, and F, at 20°C had an almost 100% yield [80].
This compound was also made in about 50% yield by
irradiating a mixture of oxalyl fluoride and oxygen [81].
The fluorination of COF, with F, under the influence of UV-
light yielded 20% CF;O0CF; [82]. In a multistep synthesis
an important perfluorinated oxygen containing compound
(CF5),C=C=0 [83] was made according to:

F2C—CF,  gyec

— H,0
CF,=CF, or F2(I:_ (I:F2 ———— (CF3),C=CF, —2~» (CF3),CHC(O)OH

P4010
— s (CF3),C=C=0

It is a versatile building block for the synthesis of many
other derivatives.

Lagow and coworkers developed a direct fluorination
method using diluted F, for the preparation of perfluorinated
monomeric and polymeric ethers. The crown ethers should
be mentioned, which were prepared from 12-crown-4, 15-
crown-5 or 18-crown-6 and a varying mixture of helium and
F,, depending on the fluorinated state of the educt starting at
—78°C and finishing at 45-60°C to yield the perfluorinated
analogs [84].

3. Perfluorinated E=C (p—p) 7m-sytems

Element-carbon double bonds are stabilized either by
steric hindrance using bulky groups or by the highly elec-
tronegative perfluorinated group or fluorine (perfluoro-

' Additional information on referee’s request: only perfluorotetrahydro-
furane can be synthesized by this method, due to polymerization of the
starting materials in AHF.
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effect). One of the first compounds of this type was
thiocarbonyl difluoride, the best preparation of which is
the fluorination of tetrachloro-1,3-dithietane with SbF;
and subsequent pyrolysis of the fluorinated product
[39,40] according to:

S. SbF3/90 °C 5 475-500 °C
a,cd S, —— Fy CF, —— 2F,C=S

C<s/ T™S C<s/ 2
Generally applicable methods are:

1. treatment of mercurials with (C,Hs),MI.

Hg(ECF:Ry), + (CoHs),MI  —  ((C,Hs),MECF;Ry)
—  R¢{CF=E + (C,Hs),MF,

E = Se; Ry =F [41,42], CF; [42,43], C,F5 [42]; E =Te;

Ry =F [44].
2. Pyrolysis of (CH3)3SnECF,R; according to:

300 — 500°C/1072— 1073 T,
(CHs);SnECF,R; / L RL(F)C=E

+ (CH3)3S1’IF

E = Se, Ry = CF; [45]; E = Te, Ry = F [46,47], CF; [48].
3. Pyrolysis of (CH3)3;SnE(X)CF,R¢:

320—-340°C
_

(CH3)3SHE(X)CF2Rf XE:C(F)Rf

10-3 Torr

+ (CH3)3SDF

E =P; X = CF3, R; = F [49,50]; X = CFs, Ry = CF; [51];
X = C,Fs, Ry =F [51]X = C,Fs, Ry = CF; [52]; E = As;
X = CFs, Ry = F [49,50].

Above 150°C Hg[N(CF;),], dissociates in a reversible
reaction into CF;N=CF, and HgF, [53].

The highly reactive unsaturated compounds dimerize to
the corresponding four membered ring systems according to

RfI( Ret( Y RS
Cc=Y—> _C___CJ

Rf2 Rfi1 Y Rf2

When R{#R? cis-, trans-isomers are formed. In some
cases polymerization yielded linear di-, tri- and polymeric
species. Important, general applicable reactions are Diels-
Alder cyclisations mainly [4 4 2] cycloadditions with
dienes. Nucleophilic reagents such as HX (X = halogen)
alcohols, thiols, amines etc. were added across the double
bond, see [1].

4. Element displacement principle

Since the preparation of CF;IF, was published in 1959
[85] a large number of derivatives were synthesized by the
fluorination of excess R¢l, dissolved in perfluorohexane with
CIF3, diluted with an inert gas, at —70 °C yielding R{F,
(Rf = C,Fs, n-CsF, (CF3),CF, C4Fy, CgF i3, CyoF2y) [86].
Other ligands, replacing iodine bonded F, such as, e.g. O,
NOs;, ClO4, CF3C(0)0, OSO,F, OTeFs, Cl, etc. were also

successfully applied. Meanwhile also corresponding com-
pounds with chlorine or bromine as the central atoms
including perfluoroorganohalogen derivatives with CI, Br
and I in oxidation state V, and ionic species were described
[28]. Very recently perfluoroorganoxenon compounds, such
as (CF3),Xe [87] and [C¢FsXe]" salts with varying anions
have been prepared [88,89].

The number of perfluorohalogenoorganoelement com-
pounds, synthesized, characterized and studied in the last
50 years is so large, that a simple, convincing and easily
understandable concept was needed to organize material.
The arrangement, as used in Gmelins Handbook [1], is
based on the nature of the organic radical. This means:
number of carbon atoms, degree of fluorination, nature of
the organic radical, whether linear, cyclic or aromatic, the
nature of halogens, as well as the central atom of the
functional group, its position in the periodic system and
its oxidation state. But this systematization does not provide
a basic correlation among the functional groups or a more
deeper understanding of their chemical nature. Due to their
high group electronegativity radicals like and CF3- or CF;S-
were considered as ‘‘pseudohalogens” [91]. An answer to
these and other peculiarities is provided by the element
displacement principle. This permits the establishment of an
association between perfluorohalogenoorganoelement com-
pounds including the classical pseudohalogens, with main
group elements as a basis for the organization of them in a
periodic system of functional groups. It is based on Grimm’s
hydrogen displacement principal [92] and is defined as
follows: “coordination of the elements of groups 14-18,
subsequently termed base elements, with elements or ele-
ment groups, termed ligands, forming one, two, three or four
covalent bonds result in a shift of one, two, three or four
places to the right (higher atomic number) within a period of
the periodic system”. This process is termed the element
displacement principle. Hereafter, a few examples are given
to explain this definition. First of all fluorine — a repre-
sentative for all other monovalent radicals — is coordinated
as a ligand to the second and third row elements starting
from carbon and silicon according to Scheme 1. Each group
in turn is able to function as a ligand, e.g. using the
monovalent CF; radical first order derivative moieties are
obtained as shown in Scheme 2. If a first order derivative
radical, e.g. the monovalent CF;S-group is applied simi-
larly, second order derivative groups can be deduced
(Scheme 3). Continuing this procedure and system of
nomenclature gives, in many cases, meaningful and realistic
results. It is interesting to note that this principle is not
restricted only to monovalent elements or radicals, but can
be extended to higher valent elements and groups, e.g. O, S,
N, P, CF;3N, CF3SN etc. If any more of these are used as the
ligand, a displacement of two (O, S) or three (N, P) must, of
course, result as follows: in Scheme 4. These radicals may
also be used as ligands. If =CO, CN or =CS [93] are
coordinated, first order derivative groups are obtained
according to Scheme 5.
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C N (6] F Ne Na
=CF = -OF F, -
=CF, -NF, OF, -
'CF3 NF3 -
CF, [NF,]
Si P S Cl Ar K
=SiF =PF -SF CIF -
= SIF2 -PF. 2 SF2 [Cle]
-SiF; PF; [SF3]
SiF, [PF4]
Scheme 1
C N F Ne
ECCF3 -OCF3 F -CF 3
=C(CF3), -N(CF3), O(CF3),
-C(CFs)s N(CF3)s
C(CF3)4
Si P Cl Ar
=SiCF; -SCF; CI-CF;
= SI(CF3)2 -P(CF3)2 S(CF3)2
-Si(CFs) P(CFs);
Si(CF3)4
Scheme 2
C N F Ne
=C SCF3 =NSCF3 -OSCF3 FSCF3
=C(SCF3) -N(SCF3), O(SCF3),
-C(SCF3) N(SCFs)s
C(SCF3)4
Si P Cl Ar
=SiSCF; =PSCF; -SSCF; CI-SCF;
=SI(SCF3)2 -P(SCF3)2 S(SCF3)2
-Si(SCF5); P(SCF5),
Si(SCF3)4
Scheme 3
C N 0o F Ne
=CO -NO Oo=0
-CN N=N
=CS -NS O=S
Scheme 4

At this stage it is necessary to deal with the nomenclature
for these ““constructed radicals”. The name “pseudo” ele-
ments” is already used for -OH, NH,, CH; etc. — radicals
deduced according to Grimm [92] and for CN, NCO, NCS,
N; etc. classified experimentally as pseudohalogens by
Birkenbach and Kellermann [91] due to their chemical
and physical properties. The first moieties OH, NH,, CH3
etc. are isoelectronic and isoprotonic to the reference ele-
ment fluorine; the others are not. They have only the same

2Pevdo (pseudo) = lie, falsehood, untruth.

number of valence electrons and cannot be assigned to a
certain halogen, but only to group 17 elements. Additional
parameters, such as group electronegativity, chemical prop-
erties, physical data allow such tentative assignments. The
latter arguments are also valid for the radicals obtained by
element displacement. Therefore they should be clearly
differentiated conceptually from Grimm’s pseudoelements.
The name suggested for them was “paraelements” [96].

3ropa (para) = near, secondary.
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C N F Ne
=C=CO -NCO OoCco
=C-CN -OCN FCN
-NCS oCs

Scheme 5

This formalism can also be extended to addition of an
electron (equivalent to a covalent bond) or to loss of
electrons. The negative ions are shifted to the right, e.g.
TI"~Cl [94]; C =N; Si, Ge, Pb =P; Si 7,
As™ =~ Se; ST = Cl [95] and the positive ions to the left,
eg. Ct>2B;N"~C; 0" @N; ClI" ~S.

Paraelement formation is not restricted to the examples
noted above. Elements of Groups 15—-17 have free electron
pairs available and consequently are able to form dative
coordinate bonds. In this case base and reference element
are identical, e.g. O-N, O-S, O-P, OSO.

Elements which are able to expand the outer octet of
electrons, e.g. S, Se, Te, P, As, etc. form a new type of
paraelements. With fluorine as a ligand sulfur can form the
following paraelements:

FS= and (F),S=
(F),S= and (F),S=
F—S—, (F);S— and (F);S—

—  parapnicogen
—  parachalcogen

—  parahalogen.

FS- FSF F,S- FS FsS
FS=™ — FS= FS= FS=
FS= and F)S= — parapnicogen
(F),§= and (F)S= — parachalcogen

FS-, (F),S- and (F)sS- parahalogen

The groups deduced above are no longer electronically
isovalent with their reference element, however they remain
topologically isovalent. Thus, all paraelements obtained by
the procedures described previously, are isovalent with their
reference element and are organized as shown in the per-
iodic system of functional groups.

For perfluorohalogenoorgano main group elements
groups this means that not only the perfluorohalogenoor-
gano radicals but also the reactive functional groups behave
like elements and when combined, they form the com-
pounds discussed in this paper. The perfluoroorgano moi-
eties can be obtained by the addition of elements and
paraelements, such as, FC=, F,C=, O, F;C—, F, CF;C5,
(CF3),C=, (CF5);C—, halogens etc. according to:

CF; —+— (CFz)n—
n=1,2,3...(alkyls)

— CF3 (CFZ),,_;

FC=+4+=CF, — CF,=CF (alkenyls)

FC= +=C- — FC=C— (alkinyls)

5CF=+=C- — C¢Fs—
CF;C=+4FC=+=C—- — CF;CgF,
FC=+0 — FC(O)— (carbonyls)...

The paraelements deduced as shown in Schemes 1-5 and
the radicals described above are the building blocks for the
creation of known and unknown perfluorinated organoele-
ment compounds. These principles are arbitrary limitations
for this field of chemistry, but are also evidence for its
independence.

Is the formalism of the element displacement, which
provides the periodic system of functional groups, only
an intellectual concept or is it a tool which can use existing
data to predict the course of unknown reactions, and the
existence, properties and structures of new compounds?

One of the applications of the element displacement
principle to chemical problems is the equivalence between
carbon and sulfur (IV).

5. Comparability of S(IV) and carbon

In a number of unsaturated functional groups containing
carbon replacement by an s”p>d hybridized sulfur provides
identical moieties, e.g.

_§=C ¢ —a—— _C=NI

N=C=0 -0-C=N!
N=S* S=NI N=S=Q —— -0-$=N!
N=C=§ §-C=NI _N=C=N- .IF.CENI

N=S=§ —— §S5=Ni N=§=N- —=— NS=NI

x-ﬁ=(l:-x -N=CX,

x-i=$-x -N=SX,

In the paraelements shown above carbon and sulfur can
be exchanged without altering their chemical properties.
Only the structures differ, because of the extra electron pair
on the sulfur atom. This means, while the carbon containing
groups with three or four atoms are linear or planar, the
corresponding sulfur paraelements are bent or non-planar.
Primary amines react with SCCI, to isothiocyanates and
with S,Cl,, in the isomeric form of a thiothionylchloride, N-
thiosulfinylimines are formed according to:

RNH, + S=CCl, — RN=C=S [97]
RNH, + S=SCl, — RN=S=S [98]
CF3SNH, 4+ S=SCl, —  CF;SN=S=S [99).

Both groups show comparable chemical reactions [93].
The isomeric paraelements N=CX, and XN=C(X) resemble
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N=SX, and XN=S(X), respectively. This principle encour-
aged the successful synthesis of unknown compounds with a
RS=N(X) unit.

Fluorination and chlorination of CF3SN[Si(CHj3)],
yielded CF;S(X)=NX (X = F, Cl) [99] as shown below:

—60°C

CF3SN[Si(CHs);), + Fy 5 CF3S(F)=NF
+ 2(CH;),SiF

CF3SN[Si(CH;);], + Cl, 5 CF38(C1)=NSi(CH;),
Cl/—20°C

= CF3S(C1)=NCl + (CH3),SiCl.

Replacing carbon for sulfur in carbodiamides leads to
sulfurdiimides to paraelement units with numerous deriva-
tives. The -N=C=N- group also exists in an isomeric form
as cyanamide (=N-C=N). The corresponding amino thiazyl
(=N-S=N) was not known. Attempts to synthesize such
derivatives by condensing R,NH with C1S=N resulted in the
preparation of RN=S=NR, according to:

R,NH +Cl—-S=N  — RN=S=NR; R = C¢FsS

[100], CF5S [101], CF5Se [102]

probably via the formation of R,N-S=N as an unstable
intermediate, which rearranged to RN=S=NR.

Using tetrakis(trifluoromethylthio)pyrrole as an educt
prevents such a rearrangement. As suggested it reacts with
CI-S=N as shown below to the corresponding thiazyl con-
taining compound.

CF;S SCF, CF3S SCF,
| +CSN+CHN — ||| +[C4H, NHICI
CF;S 1\|] SCF; CF;S" >N~ SCF3

|
H SN

Contrary to FS=N, C1-S=N and their carbon analogues F—
C=N, CIC=N that readily cyclise to six membered hetero-
cycles, the product obtained, showed no tendency to trimer-
ize to a trithiazyl derivative. The corresponding N-cyano-
tetrakis(trifluoromethylthio)pyrrole prepared from the
potassium salt and CICN has similar chemical properties.
Both undergo [4 + 2]-cycloaddition, e.g. with butadiene to
yield 3,6—dihydro—1,7\.4,2—thiazine and 3,6-di-hydropyridine
derivatives, demonstrating additionally the relationship
between —C=N and —S=N paraelements [201].

6. Equivalence between elements and paraelements
6.1. CF; and fluorine

Impressive similarities between F and the parafluorines
CF3, (CF3S),N are observed. It is known that SF, dimerizes
to unsymmetrical F3SSF. Replacing one F-atom by a CF;
radical in SF, giving CF;SF a complete analogous dimer-
ization [103] is observed, e.g.

2F—SF — F;3SSF

2CF;—SF  —  CF;S(F,)SCFs.

Other convincing examples for the equivalency of fluor-
ine and CF; are the acid/anhydrofluoride relationship of
perfluorinated acids, not dissociating in water. The follow-
ing equations illustrate this statement:

2HOF — 0=O0 + 2HF [103]

HOCF; — F,C=0 + HF [106, 107]
2H(NF)F — FN=NF + 2HF [104]
H(NCF@)CF; —  F,C=NCF; + HF [108, 109}

2H(CE)Cl "¢ E,C=CF, + 2HCI [105]

HC(CF;), = F,C=C(CF;), + HF [110, 111].

These examples evidence not only the similarities
between F and CF;, but also between FN=, F,C=, CF3N=
and (CF;),C= with oxygen. Additionally fluorine-like-beha-
vior is also demonstrated by the parafluorines FO—, F,N—,
CF;0-, (CF3),N- and (CF3)3;C- as postulated in Schemes 1
and 2. No direct conversion of CFsH to CF,, and hence
F,C=CF,, or decomposition of (CF;);CH to (CF3),C=CF, is
observed. But in the presence of F~ the addition of HF to
(CF5),C=CF, forming (CF;);CH takes place under normal
reaction conditions [110,111].

Some anhydrofluorides add metal fluorides to form salt
like compounds:

MF + CF,=0 — MOCF; (M =K, Rb, Cs) [112]
HgF, + 2CFsN=CF, — Hg[N(CF3),], [113]
HgF, + 2(CF;),C=CF, — Hg[C(CFj),], [114].

6.2. (CF3S),N— and fluorine

Even second-order derivative paraelements can show
close similarities to the corresponding reference element.
A strong case in this respect is the bis(trifluoromethylthio)a-
mino-radical. Because of its high group electronegativity of
3.7 [115], it is considered as a parafluorine. The amine
(CF3S),NH is a weak acid, pKa(in dioxan/water) = 9.99
[116], and it reacts with HgO forming Hg[N(SCF;),] [117].
The ability of the radical to dimerize reversible to
(CF3S),NN(SCF;), is comparable with examples like
F,NNF, [118] or O,NNO, [119]. The dissociation enthal-
pies of (CF3S),NN(SCF3), = 32.0 kJ mol™' [120] and of
(CF5S);CC(SCF5); = 57.0 kI mol ™! [121] are even lower
than that for F, = 156.9 kJ mol ! [122]. They dissociate at
20°C:

F, = 2F.
(CF;S),NN(SCF;), = 2(CF;S),N-
(CF;S),CC(SCF;); = 2(CF5S),C-

Only a small change in the chemical shift of the "H NMR-
spectrum of [(CF3S),N],CH,, §(CH,) = 5.15 ppm, [123]
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occurs when F is replaced by (CF3;S),N in CH,F,,
6(CH,) = 5.99 ppm.

While metathetical reactions between BX5; (X=ClI, Br)
and (CF35),NH yield only the monosubstituted product
(CF5S),NBX, [124], further halogen replacements occur
with  Hg[N(SCF;),], giving [(CF;S),N],BX or
[(CF5S),N]3B. Rather surprising and completely unex-
pected is the formation of the tris-substituted borane from
B(SCF3); and Hg[N(SCF3),],. This reaction is readily
understood with the aid of the element displacement
principle by applying paraelements. Now the radical
CF;S is a parachlorine (pCl) and (CF3S),N a parafluorine
(pF). The procedure can be described now by the following
reactions

2B(SCF3), 4 3Hg[N(SCF3),),
—  2BIN(SCFs),]; + 3Hg(SCF3),

or
2B(pCl), + 3Hg(pF), — 2B(pF); + 3Hg(pCl),.

This means that the above-described reaction is equiva-
lent to the fluorination of BCl; with HgF, giving BF; and
HgCl, [125]. Analogously Te(SCF;),, when treated with
Hg(NSO), in CS,, provides Te(NSO), and Hg(SCF3), [126]
according to:

Te(SCF;), + Hg(NSO), —  Te(NSO), + Hg(SCF;),

or
Te(pCl), + Hg(pF), —  Te(pF), + Hg(pCl),.

This is an excellent method for the preparation of
Te(NSO),, a widely applicable educt for the preparation
of tellurachalcogenonitrogen heterocycles [127].

6.3. CF; and chlorine

The halogen like behavior of the CF3S-group has already
been postulated on the basis of its group electronegativity of
2.7 [90]. Many additional examples can be found to sub-
stantiate its properties as parachlorine. Replacing chlorine
in OPCl; and SPCl; yielded the new compounds
CF;SP(0)Cl, and CF5;SP(S)Cl,. The chemical and physical
similarities between these two pairs of compounds are
remarkable and are detailed elsewhere [128]. Impressive
examples include the hydrolytic reactions of the element—
element molecule Cl,, the element—paraelement compound
CF3SCl and the paraelement—paraelement substance
CF;SSCFs;. The first step of hydrolysis takes place accord-
ing to:

Cl-CI+H,0 — H-Cl+HOCI [129]
CF;S—Cl+H,0 — H-Cl+ HOSCF; [129]
CF;S—SCF; + H,O — H-SCF; + HOSCF; [130].

The oxyacid intermediates are not stable and dispropor-
tionate as follows:

2C1-OH — CI(O)OH + HCl
2CF3S—OH — CF;S(O)OH + HSCF; [129].

6.4. Tetrakis(trifluoromethylthio)pyrrolyl and chlorine

The higher order derivative parahalogen, tetrakis(trifluor-
omethylthio)pyrrole radical (TTP) is a good paraelement
in spite of its size and complexity. Based on its group
electronegativity of 2.9 [133] and its chemical pro-
perties, chlorine like behavior is observed. The hydrogen
derivative (TTP-H) is an acid (pK, = 9.2 water/dioxane)
and reacts with various cations forming the corresponding
salts:

F,CS SCF, FiCS SCF,
-H
+ M
F,.CS N SCF, F.CS N SCF,
| |
H M
TTP-H TTP-M

M = Ag[131], K, Na, NHy, [(CsHsNH], [(CH3);NH] [132],
Zn, Cu(D), [CsHs)3(CoHs)P] [CCeHs)4As], [(CeHs)4Sbl,
[(C2oHs)3Se], [(CoHs)ol] [133].

By treating TTP-Ag with iodine in pentane or by oxidiz-
ing TTP-H with PbO, in C¢Hg the TTP radical is formed.
This dimerizes at 20°C reversibly to 2,2',3,3',4,4',5,5'-octa-
kis(trifluoromethylthio)-2,2’-bi-2H-pyrrole [134] according
to:

FiCS SCF, FiCS SCF, SCF.
s
Fcs N
TTP-Ag + I, ————— _—
FiCS SCF, FiCS
N N scr, SCF,
TP FiCS
FCS  SCF,
FiCS SCF,
N—N
F,CS SCF,
FCS  SCF,

On heating the C—C bonded dimer to 120-130°C, the N-N
linked compound is formed [134].

The silver and the potassium salts are good educts for
the preparation of N-substituted derivatives. Among the
numerous compounds synthesized, the pentakis(trifluoro-
methylthio)pyrrole prepared from TTPAg and CF;SCI
should be mentioned as a better sulfenylating agent than
CF;SCl. While CF;SCI is able to react with primary,
secondary alcohols, secondary amines and CgHsSH sub-
stituting the acidic hydrogen by a CF;S-moiety, no
substitution takes place in (CH3)3;COH. The pentasubsti-
tuted pyrrole reacts not only with the materials mentioned,
but also with (CH3);COH yielding (CH;3);COSCF; and
TTP-H [132]. Another example for the close relationship
between the radical TTP and chlorine is shown in the 'H
NMR spectrum of (TTP),CH,, prepared from TTP-H and
CH,I, in the presence of concentrated NaOH as shown
below:
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SCF,
F4CS SCF, F,CS
2 + CHyL, N=—1{ cn,
F,CS N SCF, F,CS
| SCF;
H
- — 2

The unusual chemical shift of 6(CH,) = 6.9 ppm [133] of
the methylene protons is also observed in dihalogen-
omethanes, e.g. 6(CH,) in CH,Cl, = 5.3 ppm.

6.5. Electronegativity as a parameter for assigning
paraelements

The examples provided so far prove that besides the rules
for element displacement, there must also be other para-
meters adjusting a paraelement with a differently coordi-
nated central atom to a reference element in the
corresponding main group. While the equivalency between
CF3, (CF3S),N with F or CF3S with CI are reasonable, it is
not easily understood why TTP, with nitrogen as the central
atom, behaves like chlorine. This contradiction, which is
mainly observed for higher derivative paraelements, can be
solved by the addition of group electronegativity for classi-
fying a paraelement. Although TTP- and (CF;S),N- have
identical central atoms, they behave differently. As
expected, in many cases (CF3S),N- (group electronegativity
3.7) resembles fluorine and TTP- (group electronegativity
2.9) chlorine. The importance of electronegativity for
assigning paraelements can also be shown by comparison
of Grimm’s pseudoelements OH, NH,, CH; with the corre-
sponding paraelements OF, NF,, CF;. The group electro-
negativities of the two series show this convincingly:

OH: 2.78-3.51, OF: 38;
NH, : 2.47-2.61, NF,: 3.60—-3.64;
CH; : 2.27-2.34, CF;3: 3.46-3.55.

Although OH, NH, and CHj3; are isoprotonic and isoelec-
tronic with fluorine, they are worse replacements than OF,
NF, and CF; which are not isosteric [128].

6.6. Exchangeability of elements by paraelements in given
structures

It has been shown previously that elements in known
structures can be substituted by pseudo- and paraelements
without structural changes occurring [93,96,128]. An easily
understandable and convincing example, among many other
models, is illustrated with the adamantane type structure.
Binary element—element adamantane structures are formed
for example by phosphorus, arsenic and antimony with
oxygen having the formula MO (M =P, As, Sb). No
nitrogen oxide of this type (N4Og) and structure is known.
Complete replacing of oxygen by pseudooxygen CH,, gives
N4(CH,)g, hexamethylenetetramine, which has an adaman-

tane structure. If in addition nitrogen is also substituted by
pseudonitrogen, then (CH)4(CH,)g, adamantane is obtained.
This example shows that starting even from an unknown
binary inorganic compound and replacing elements by
derivative moieties lead from inorganic via an intermediate
into organic chemistry:

(N4Og) — N4(CHy), — (CH),(CH,), [CioHie).

It can be shown quite generally that adamantanes are
composed from elements of the 15th and 16th group of the
periodic table in the ratio 4:6. These may be replaced by
pseudo- or/and paraelements without structural change. All
adamantanes synthesized so far correspond to this composi-
tion [135-137]. Even boron and its higher homologous have
in a sp’-hybridized form three unpaired valance electrons
available. The planar geometry of these orbitals are changed
to four coordinate tetrahedral form by adding a Lewis base,
e.g. LB-BX3 becoming electronically isovalent to MXj
(M =N, P, As...). The element—paraelement relationship
makes it possible to substitute 15th-group elements and
derivative radicals for LB-B= and in fact 1-boroadaman-
tanes has been synthesized [138]. Following this strategy it
was possible to synthesize two basic adamantanes of the
formula (HSi)4E¢ by reacting HSiCl; with (H3Si),E (E = S,
Se) [139]. With the aid of the chalcogenating agent (H5Si),E
it was also possible to prepare (CF3Ge)4E¢q and to confirm
their expected adamantane structure by X-ray structural
analysis [140]. Reacting CgFsSnCl; with (CHj3)3SiS-
Si(CHj3); as the sulfanylating agent yield (CgFsSn)4S¢ with
the adamantane structure [141].

7. Perfluorohalogeno compounds of transition- and
d'-metals

7.1. Mercury

Although CF3Hgl and (CF3),Hg [2,3,24] were among the
first precursors synthesized in the field of perfluoroorga-
noelement chemistry, there was little interest shown in this
type of compounds compared with organometallic educts in
organic chemistry. Higher homologues were prepared by
treating HgF, with perfluorohalogenoolefines in HF as a
solvent according to:

CF,=CF, + HgF, —
CF,=CCl, + HgF, —

(CF;:CF),Hg
(CF3CCl,),Hg
[(CF3),CF,Hg
[(CF3);Cl,Hg [142].

CF3CF=CF, + HgF, —
(CF;),C=CF, + HgF, —

In all cases HgF, adds regiospecifically to olefins with
more than two carbons to give either secondary or tertiary
perfluoroorganomercurials [143—-145]. A mixture of HgF,
and HgCl, reacted with CF;CF=CF, in HF to yield
(CF3),CFHgCl [146]. An alternative to these syntheses is
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the replacement of HgF, by alkali metal fluorides and
mercury halides in an aprotic polar solvent [147,148].
Functionalisation of these ‘“‘mercurials” is achieved by
the preparation of Hg(SCFj3), by irradiating CF;SSCF; with
mercury in quartz tube [130]. Preparative amounts are
generated from CS, and HgF, in an autoclave at 250°C
[149]. 1t is also formed from F>C=S and HgF, at —78°C
(18 h) proving that F,CS was an intermediate in the pre-
paration mentioned previously [150]. Other compounds
such as [(CF;),CFS],Hg, [(CF;);CSl,Hg [151], (n-
C5F;S),Hg [152], [CF5C(O)S],Hg [153] and CF3;SHgX
(X =Cl, NO3) [154] were also prepared and are used as
synthons. Pentafluorobenzenethiol was the educt for the
preparation of various metallic derivatives such as
Hg(SC6F5)2, Cd(SCGFs)z, ZH(SC6F5)2 and NI(SC6F5)2
[155]. In an almost analogous reaction heating R{EERg
(E = Se, Te) with excess mercury it was possible to synthe-
size (RgSe),Hg, Ry = CF;3, C,Fs, n-C5F;, CgFs [23,156—
158]) and (RfTe)zHg, Rf:CF3[159], C2F5 [160], C6F5
[161].

Even though ‘“mercurials” such as (R¢),Hg, (ReX),Hg
and [(CF;),N],Hg were known from the very beginning of
perfluorohalogenoorganoelement chemistry and were used
successfully for developing synthetic routes to establish this
branch of chemistry, it is only in the last decade that efforts
have been concentrated on the synthesis of fluorinated
organometallics.

Meanwhile a variety of precursors became commercially
available, which encouraged chemists to investigate the
field of perfluorinated organometallics especially of zinc,
cadmium, copper, silver, gold and study their preparative
potential.

7.2. Zinc

Perfluoroalkyliodide reacts with zinc in ether giving
solvated R¢Znl compounds. A good example is the prepara-
tion of n-C3F,Znl or (CF3),CFZnl at 0°C in dilute dioxane
solution according to:
n-RiI+2Zn O

[162,163], CF5CF [164].

Solvated bis(perfluoroorganyl)zinc reagents are also
formed from Rl and dialkyzincs in Lewis base solvents,

R¢Znl - dioxane; Ry = n-C3F;

2RI +RyZn —  (R¢),Zn+ 2 RI;
Rf = CF37 C2F5, (CF;)ZCF, C6F5.

Only CF;lI gives (CF3),Zn in quantitative yields. With
C,Fsl and n-C3F;I contaminated compounds are obtained
[165]. A remarkable reaction is observed, when zinc in

dimethylformamide (DMF) is treated with CF,X, giving
mixtures of CF3ZnX and (CF;),Zn as shown below:

Zn + CF2X2 — CF3ZI’1X + (CF3)ZZH;
X = Cl, Br [166).

An additional synthesis is based on ligand exchange
between (CH;3),Zn and (CF3;),M (M = Hg, Cd) in DMF
or pyridine yielding solvated (CF3),Zn [167,168]. Treating
zinc atoms with CF;I makes solvate free CF;Znl. It is only
stable at low temperature and decomposes above —80°C
[169].

7.3. Cadmium

The first perfluoroalkylcadmium compound was prepared
in 1971 by ligand exchange reactions in pyridine or diglyme
[170] according to:

(CF3)2Hg + CH3;Cd — (CH3)2Hg + (CF3)2Cd

An excess of (CF3),Hg shifts the equilibrium towards the
formation of (CF;),Cd. A decade later (CF3),Cd-glyme was
prepared from (CF;3),Hg and (CHj3),Cd and isolated in a
complex form as an air stable white solid [177,178]. Higher

homologues are formed in a direct reaction between R¢l and
(CHj3),Cd in Lewis base solvents, e.g. CH3CN, pyridine etc.

2Rf(I+R,Cd  —  (Rf),Cd+2RI
R¢ = CF;3, CyFs, n-C3F;, (CF;3),CF, n-C4Fo;
R = CH3, C,Hs.
These were isolated and characterized as Lewis base
adducts [171,172]. In order to avoid the use of highly toxic

dialkylcadmiums, (Ry),Cd, reagents are generated in situ
via:

RI+Cd 2 (Rp),Cd + (Re)CdI
Rf = C,1F2n+1, n=1-8 [173]

The compounds (C¢F;3),Cd and (CgF;7),Cd are isolated
in a pure state as well as an adduct with (CH3),NC(O)H,

glyme and diglyme by reacting R¢l with (CH;3),Cd. The
procedure takes place in two steps according to:

RfI + (CH3)2Cd — CH3CdeI + CH3I
RfI + CH3CdCF3 — (RfI)ZCd + CH3I
2 Rl + (CH})ZCd — (Rf)QCd + 2CH;1L

When the reaction is carried out in CH,Cl, solvent free
colorless solid products are isolated [174]. At —-40°C donor
free (CF3),Cd has been prepared analogously from CFsI and
(C,H5),Cd in quantitative yields. At —5°C it eliminates CF,
and can be used as a low temperature source of CF, [175]. A
series of (CF;),CdX ™ anions are made via:

(CF;),Cd + MX — MT[(CF;3),CdX]~
= M;[(CF;),CdXo]
M = Cs, Rb; X = Cl, Br, 1[176].

7.4. Copper

For the preparation of Ry substituted copper derivatives,
three main procedures are available.
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1. Reaction of R¢X (X = halogen) with copper powder in
Lewis base solvents at elevated temperatures.

2. In situ decarboxylation of Cu[RC(0)O], in the
presence of CuX.

3. Ligand transfer from (R¢),M (M =Zn, Cd, Hg) to
copper metal or Cu(l) salts.

The reactions between perfluoroalkyl iodides and copper
in (CH3),SO at 110-120°C (1-3 h) are generally applicable,
according to:

RiI+2Cu — RiCu+Cul, R;=C,Fy.r;
n=1-17][179].

Disadvantages of this method are the high temperatures and
rather expensive perfluoroalkyl iodides.

The second procedure provides R¢Cu reagents only in
situ, and they are used for regiospecific trifluoromethyla-
tions of arylhalides, replacing halogen for CF;. They are
made from R¢{C(O)ONa and Cul in dipolar aprotic solvents,
e.g. N-methylpyrrolidone (NMP). For Ry = CF; the reaction
is carried out at 140-160°C in the presence of an aromatic
iodide [180]. Pentafluoroethyl substituted aromatics can be
made by using water free solvents such as a mixture of
(CH;),NC(O)H, toluene and C,F5C(O)ONa [181]. Metathe-
tical reactions are applicable for the preparation of R¢Cu,
according to method 3. Heating Hg(CF3), and copper
powder in NMP or dimethylacetamide at 140°C gives
CF;Cu and Cu [182]. A solution of CF;Cu is formed almost
quantitatively from a mixture of CF;CdX and (CF3),Cd
(made from Cd and CF,BrCl in DMF [166]) and CuY
(Y =1, Br, Cl, CN) [183]. Higher homologues are synthe-
sized by oligomerisation of CF;Cu at 90-100°C in
(CH3),NC(O)H according to:

CF;Cu  — CuFa1Cu;  n=1-—15][184].

The stable copper(IIl) anion [Cu(CF;)4] is made either
by oxidizing [CdI]*[Cu(CF3),]” with oxygen, iodine, bro-
mine [185] or by treating CF;Cu(I) in (CH3),NC(O)H with
stoichiometric amounts of XeF,, I, Bry, Cl, or ICl. The
complex anion can be isolated and its structure has been
confirmed by X-ray structure analysis [186,187].

7.5. Silver and gold

The first perfluoroalkylsilver compounds were synthe-
sized by addition of AgF to CF;CF=CF, in CH;CN at 25°C
(2h) yielding (CF;),CFAg [188] or by reacting with
F,C=C=CF, forming CF;C(Ag)=CF, [189]. Other suitable
solvents are tetraglyme, (CH3),NC(O)H and benzonitrile
[188]. Similarly AgF adds to (CF;3),C=C=0 forming
(CF3),C(Ag)C(O)F. Silver fluoride can be replaced by a
mixture of CF;C(O)OAg and MF (M = K, Cs) giving with
CF;CF=CF, in CH;CN, (CHj3),NC(O)H or 1,2-dimethox-
yethane (CF;),CFAg. Other perfluorinated olefins react
according to:

(CF3),C=CF, (CFy),CAg

CF,=CFCl CF;C(0)0Ag + MF CF;CFClAg

F, F F. F,

F; F F, Ag
F

This addition presumably proceeds through a perfluoro-
carbanion intermediate [190]. Ligand exchange reactions
are also used for the preparation of RAg reagents. In aprotic
polar solvents such as (CH3),NC(O)H, (C,Hs);N
(Rg)>Cd-2L reacts with AgNO3 to RiAg, Cd(NO;), and
2L (L = CH3CN, THF, etc.), Rf = CF3, C2F5, I’l-C3F7,
(CF5),CF, n-C4Fg. An equilibrium exists between RiAg
and [Ag(R¢),]™ that is strongly solvent dependent [191].
The preparation of CF3Ag must be performed at —35°C, as
spontaneous disproportion occurs above —30°C forming Ag”
and Ag[Ag(CF;);] [192]. The stable complex
(CF5),Cd-glyme is a very good trifluoromethylating reagent
and was used among others for the preparation of (CF;);Au
[204,205].

In this section also perfluoroorganochalcogeno groups
bonded to Cu or Ag should be incorporated (see also Section
7). Important procedures for their preparation are metathe-
tical reactions [193], e.g.

AgSCF; + CuBr —  CuSCF; + AgBr,

cleavage of a  chalcogen—chalcogen bond in
(CH3),NC(O)H, NMP or HMPA as solvent with activated
copper powder, e.g.

R{EER; +2Cu — 2 R;ECu,
R; = CFs; E =S, Se; Ry = C¢Fs, E = Se [194, 195]

fluorination of CS, with AgF at 140°C in an autoclave, e.g.
CS; +3AgF — CF;SAg+ Ag,S [196]

and sulfur insertion in (CF3)3;CAg yielding (CF;);CSAg
[190].

The compounds described in this section proved out to be
useful tools for the selective transfer of Ry-groups particu-
larly CF;-moieties to other metals, and non-metals as well
as to organic derivatives providing other new perfluoroor-
gano substituted element compounds. An extensive sum-
mary on this chemistry is provided in [197] and citations
therein.

8. Biological activities

Since the synthesis of N-trichloromethylthio-phthalimide
and -tetrahydrophthalimide [198], two very active fungi-
cides, intensive efforts were undertaken to prepare more
active materials with lower toxicity. This is achieved by
replacing chlorine in Cl3CS by fluorine or other fluorinated
radicals and exchanging the organo-imino group. Substitut-
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ing one Cl for one F showed a specific increase of fungi-
cidal activity, which decreased on further substitution.
A maximum of activity was obtained for
(CH3),NSO,N(SCFCl,)CgHs [199].

Two other compounds, the N-SCCI(X)SCF;-phthali-
mides (X =F, SCF3), showed excellent fungicidal activ-
ities, comparable to those of (CHj3),NSO,N(SCFCl,),—
CeHs [200]. Besides these active compounds containing
either CI3CSN-, FCIL,CSN or (CF5S),CI(F, _ ,)CSN-
(n=1, 2) groups, the ReS-carbon substituted derivatives
also showed remarkable activities. A high metabolic activity
was shown for the 2,5-disubstituted thiophenes, such as 2,5-
(F,CICS),- and 2,5-(F3CSO,),-thiophene. It was demon-
strated, that their anorectic activities increases substantially
when CF;S- is replaced by CF3SO,_ moieties but dropped
by the F,CICS/F,CICSO, replacement. Among R¢S-substi-
tuted pyrroles the highest activity as a fungicide is shown by
2,3,4,5-(F5CS)4-pyrrole [131]. Biological activities are also
observed in some perfluoroalkyl substituted aliphatic com-
pounds. Perfluoroalkylsulfonylurea derivatives such as
RiSO,-N(H)C(O)NH; (R¢ = CF3, n-C4Fg, n-CgF7) inhibit
cholesterol readsorption, lower the triglycerides and show
anorectic activities [202] see also [203].

9. Summary and outlook

The author’s intention was to summarize briefly a subject,
which just started in the late 1940s and by the end of the
century has developed into an enormous and important field
of chemistry. The compounds and chemical reactions were
selected in such a way that they illustrate how these reactive
compounds could be used to prepare further compounds.
Much effort was spent in the definition of perfluoroorga-
noelement compounds and their classification. In addition
reactions between important, extensively studied moieties
and basic elements were provided leading to paraelements.
They were inserted into the periodic system yielding the
periodic system of functional groups by applying the rules
of element displacement.

These principles could support innovation and serve as a
basic guide to continue the development of perfluorohalo-
genoorganoelement chemistry in the 21st century. They
might also be useful to develop and prepare new compounds
including appropriate syntheses, understanding reaction
pathways, forecasting the arrangement of atoms in a mole-
cule and extrapolating physical data. All in all researchers
interested in high quality preparative chemistry will find in
this field excitement, success and contentment and are
invited to participate in the further organization and devel-
opment of perfluorohalogenoorganoelement chemistry.
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