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1. Introduction

Polyvalent per- and polyfluoroorganohalogen(Ill and V) com-
pounds are here considered as derivatives of the neutral halogen
fluorides HalF, (n > 3) and their cationic and anionic species. Thus,
we exclude two-coordinated derivatives of Rgl like [(Rg)I]™,
[ReIX]™, and Rgl-base adducts. Only polyvalent iodine and
bromine(Ill and V) compounds are known as individuals up to
now. Polyvalent halogen compounds with hypervalent bonds [1]
mark one subgroup. Different kinds of bonds may be present in
polyvalent halogen molecules, e.g. in RHalX, molecules with T-
geometry and the VSEPR notation ABX;E; (A = central halogen, B
and X = ligands, E = electron lone pair) there are distinct bonds to R
and X. The Hal-R bond is a 2c-2e bond whereas the linear X-Hal-X
bond is a 3c-4e one. The latter Hal-X bonds are characterised by a
bond order of 0.5 and a significant polar component with a
distinctive partial positive charge on Hal and a negative one on X.
Even RHal=0 and other derivatives with a double bond to halogen
in their Lewis formula possess hypervalent bonds.

During the last two decades a substantial number of reviews
[2a-i] and some books [2j-n] dealt with polyvalent organoiodine
compounds and their chemistry. Usually per- and polyfluoroor-
gano species were not in the focus of interest or they were
excluded completely.

Within this review only polyvalent iodine and bromine
compounds are considered which have at least one perfluorinated
organo group (or a selected highly fluorinated organo group like a
perfluoroalkyl group with a CH, spacer) directly attached to the
halogen center.

2. Reaction routes to polyvalent per- and
polyfluoroorganohalogen(Ill and V) compounds

The majority of described polyvalent per- and polyfluoroorga-
nohalogen compounds are iodine(IIl) derivatives. The correspond-
ing iodine(V) compounds are less represented in literature. To our
knowledge, no polyvalent per- and polyfluoroorgano derivatives of
iodine(VIIl) are known so far. Consequently, this chapter mainly
deals with RpIX; and RgIX,4 and its cationic derivatives [RgRI]* and
[ReRF,1]*. From the two anionic polyvalent iodine(Ill) species one
was isolated and one was deduced from its NMR data in a product
mixture of the reaction solution.

2.1. Per- and polyfluoroorganoiodine(Ill) compounds

The majority of reported RgI(IIl) molecules can be described by
the formula RgIX;. REIXY molecules represent a minority. The
sparely known examples of (Rg),IX and (Rg)sl molecules are
discussed as reaction products of RgIX; in Section 2.1.2.

2.1.1. Syntheses of per- and polyfluoroorganoiodine(Ill) molecules,
RHX> and ReIXY

One commonly applied access to RpIX, molecules uses the
oxidative addition of X; to Rgl. In this case X may be F, Cl, or OR. The
monovalent iodine compound Rgl can be treated with the elements
F, and Cl,, with ROOR, or with formal sources of F, Cl or OR radicals.
Reactions with elemental fluorine have to be performed in “inert”
solvents like CCIsF with diluted F, gas mixtures (<10% F,) at low
temperatures, typically —78 °C (Eq. (1)). This approach was
originally developed in 1959 by SchmeifSer and Scharf [3] for
CFzIF, and later applied and modified for other perfluoroalkyl,
perfluoroalkenyl, and perfluoroaryl iodides

CCl3F,~78°C

Rel + F, (dlluted) — RglF, (] )

where Rg = CF3 [3], C2F5, Tl—C3F7 [4], i-C3F7 [5], C4F9 [6], CF2CF2 [7],
cis-, trans-(CF3),CFCF=CF [5], cyclo-CgF; [8], CsF5 [9,10], 2,6-CcFH3
[11]. The precipitation of products, RglF,, protects them against
further fluorination to RglF,.

The direct chlorination of perfluoroalkyl iodides to RgICl, was
not successful [12]. At this point we should remember that Rgl
molecules have a partial positive charge on iodine in common. The
addition of chlorine to Rgl needs activation (photochemically [13]
or by the use of Lewis acids [14] (Eq. (2a)) as demonstrated in the
case of CgFsl

AT CeFsIC, (2a)
F,—-78°C

CeFsl + Clz
CCl

In contrast, polyfluoroalkyl iodides with one CH; unit as spacer
between I and the C,F»,.; unit, form polyfluoroalkyliodine
dichlorides by direct chlorine addition (Eq. (2b)) [15]

CiFan1CHal + Cly — CyFan i CH2ICL, (2b)

where n=1-3.
Peroxo compounds ROOR allow the addition of two OR radicals
to Rel (Eq. (3))

Rel + ROOR — RI(OR),, (3)

where RF = CF3, C3F7; R= S(o)zF [16]

As an alternative to elemental fluorine, the following fluorinat-
ing agents can be used for the conversion of Rl to RiIF,: XeF,
(Rp=C3F; [17], C4Fg [18], CF3CH, [18,19], C¢F5 [17,20], 2,3,5,6-
C5F4N [21]) [C6F5XEF2]+ (RF= C6F5 [22]), CIF (RF= C6F5 [10]), C1F3
(R]: = CyFs, n- and i-C3F7, C4Fg, CgF13, CioF21 [6,23,24], BrF3
(Rp = C4Fy [6,24]), CFsBrF, (Rg=CsFs [10]), BrFs (Rg = CoFs, C4Fg
[6.24]), CeFsBrFs (Rg=CgFs [10]), and [(CgFs)IF2]" (Rg=CsFs
[25,26]). The action of halogen fluorides often results in a mixture
of RpIF, and RglF,, and it was difficult to optimise the reaction
conditions for the preparation of pure products. It is worth
mentioning that the fluorinating ability of the mild fluoro oxidiser
IF5 is insufficient for fluorine addition to iodine in Alkgl or in CgFsl
[10]. In the latter case, the activation of IFs with BF3 (Lewis acid)
resulted in the addition of two fluorine atoms across one C=C
double bond of CgFsl [8].

The formation of RglF, with CIF, CIF3, and CIOCF; is described in
the following equations

CCl3F, < —70°C

CgFsl + 2CIF — CsFslF; + Cl, (4)

CeF14.~—78°C
—

3R¢l + 2CIF3 3 R¢IF, +Cly (5)

where Rg = CoFs, C3F;, C4Fq, CeF13, CioF21.
Rel + 2CIOCF; — R¢IF; +Cl, + 2C(0)F; (6)

where Rgl =CF; (without solvent, —70°C [27]), CgFs (CCIsF,
<-78°C [10]).

Another frequently used path to RglY, or RgIXY compounds has
a strong similarity to that presented by Egs. (4) and (6), and is
based on the addition of dipolar reagents XY (mainly, X = Cl). The
products of addition reactions with CIOCF;, CIOC(CF3)s, CIONO,,
CIOS(0),F, ClOCIOs, and Cl,0 strongly depend on the reaction
conditions. Astonishingly, CFsI(Cl)F resulted as a product when a
large excess of CIOCF; was applied (Eq. (7)) [28]. Rgl reacts with
ZZCIOC(CF3)3 yleldlng RF](OC(CF3)3)2 (RF = CF3, CF2CF2, SF5CF2CF2,
CsFs) (Eq. (8)) [29]. The reaction of CFsI with 2 equiv. of CIONO,
ended with a mixture of CFsICl,, CF3I(Cl1)ONO,, and CF3I(ONO,),
(Eq. (9a)) [30]. CgFsl and 4 equiv. of CIONO, formed the desired
product CgFsI(ONO,), (Eq. (9b)) [31]. Primary perfluoroalkyl
iodides react with CIOS(O),F at low temperatures to give
ReI(OS(0),F), (Eq. (10)) as an intermediate which after warming



H.-J. Frohn et al. /Journal of Fluorine Chemistry 129 (2008) 459-473 461

undergoes elimination of I0S(O),F and results in REOS(0),F [32]. In
contrast, the secondary iodo compound (CF3),CFlI forms the
iodonium salt [((CF3)>CF),I][I(0S(0),F)4] under similar conditions
[32]. No addition product was detected as an intermediate in
reactions of Rgl with CIOCIOs. The consecutive product [(Rg)-I][I(O-
Cl0s]4] could be identified but decomposed finally to RFOCIO5 [33].
In a similar manner the oxidative addition of OCl groups was
performed when 2 equiv. of Cl,O were added to CgFsl at —60 °C
(Eq. (11)) [14]. C,F2n+11(OTeFs), was obtained by addition of
ClOTeFs (Eq. (12)). CF31(OTeFs), decomposed above —78 °C to give
CF3OT€F5 [34]

CFs1 + CIOCF; (excess) — CF3I(CI)F + COF, (7)
Rel + 2CIOC(CF3)3 — RpI(OC(CF3)3) +Cl, (8)

CFs1 + 3CIONO, — CF;ICl, + CF31(CI)ONO, + CF31(ONO,),  (9a)

CgFsl + 2CIONO, — CgFsI(ONO,); + Cly (9b)
Rfl + 2ClOS(0);F — Rel(0S(0),F); +Cl, (10)
C6Fsl + 2C1,0 — CgFs1(0Cl), +Cly (11)
CoFans1l + 2C1OTeFs — CyFap,11(OTeFs); + Cly (12)

where n=1-3.

The following routes from monovalent Rgl to trivalent RglX;
combine individual oxidation steps with a metathesis and are used
to synthesise perfluoroorganoiodine di(carboxylates), Rgl(O-
C(O)R),. The oxidation can be performed with ozone [35], HNO3
[36], or a peroxoacid [12,37,38]. These reactions (Eqs. (13) and
(14)) are very likely to proceed via the intermediate formation of
ReO

Rel + 2HNOj; +2(CF3C(0)),0
— Rpl(OC(0)CF3), +2CF3C(0)OH + 2NO; (13)

Rel + CF;C(0)O0OH + (CF3C(0)),0
— Rel(OC(O)CF3); + CF;C(0)OH (14)

where Rl = Alkgl, Arylgl, I(CF,CF,),l.

Some representatives of RFIO were prepared independently,
and they may be considered as interesting starting materials for
further RgI(IIl) compounds. However, the stability data of RglO
should be interpreted carefully, e.g. violent explosions of CgFsIO at
60 °C (caution!) [39], significantly below the reported temperature
of decomposition at 89 °C [36,40] or 210 °C [39], are documented
in the literature. The direct addition of oxygen to Rgl with ozone is
neither a simple nor a clean preparative route (Eq. (15)) [35] and
failed in case of CgFsl [41]. Therefore, the hydrolysis of RiX; is a
common way to RglO (see Section 3)

CCl3F,<-40°C

CF31 + O3 — CF310 + O, (15)

Generally, the nucleophilic introduction of per- and polyfluoro-
organo groups is possible starting from suitable I(III) compounds,
e.g. IFs, ICls, I(OC(O)CF3)3, and I(ONO;)s. The substitution of one
fluorine in IF3 is not a favoured preparative route, because IF3 only
exists at low temperatures and disproportionates above —35 °C
[42] finally forming I, and IFs. Only one successful fluorine/
perfluoroorgano group substitution reaction has been reported
which used Cd(CgFs), as reagent in EtCN at —78 °C (Eq. (16)). The
yield of CgFsIF, was low (34%). Besides the by-products CgFsl (16%)
and CgFsH (37%) the interesting molecule (CgFs)sl (3%) was

observed as a trace product [43]

EtCN,-78°C

2IF3 + Cd(C6F5)2 -~ "2CgFsIF, + CdF, (16)

Cd(CF3),-donor, Cd(CF3)X-donor, and Bi(CF3),X5_, (n=1-3) were
offered as reagents for the nucleophilic introduction of trifluoro-
methyl groups into ICls, I(OC(O)CF3)3, and I(ONO,)s (Egs. (17) and
(18)) [44]

[X5 + Cd(CF3);-donor — CF3IX; + Cd(CF3)X - donor (17)

IX5 + Bi(CF3)3 — CF3IX, + Bi(CF3),X (18)

where X = Cl, OC(O)CF5, ONO,.

In the literature only one example is reported which shows that
besides addition of fluorine to the iodine atom accessorily a
substitution of H by F proceeded at the organo group and the alkyl
iodide was finally transformed into the corresponding perfluoro-
organo group (Eq. (19)) [45]

CCl3F,~110°C

CHsl +2.5F, — Ny(1:20)" *-—" "CFsIF, + 3HF. (19)

2.1.2. Syntheses of bis- and tris(perfluoroaryl)iodine(Ill) molecules
(Arg)oIX and (Arg)sl

To our knowledge, the family of (Arg),IX and (Arg)s] compounds
is represented by only two isolated species, (CgFs),IF and (CgFs)sl,
which were characterised as individuals [46]. (CgFs):IF was
obtained on two routes (Eqs. (20) and (21)). The desired
substitution of one hypervalently bonded fluorine in CgFsIF, was
achieved with Bi(CgFs); (3:1 molar ratio) in CH,Cl,. Alternatively,
(CgFs)2IF precipitates after addition of NaF (in excess) to an
aqueous solution of a suitable iodonium salt and can be isolated
after extraction with CH,Cl,. (CgFs),IF shows a high melting point
of 202-204 °C and decomposes slowly in the melt. In water no
hydrolysis proceeds. In aHF solution the iodonium polyfluoride salt
[(C6Fs)2I][F(HF),,] is formed and after removal of aHF (CgFs)-IF was
recovered completely

CH,Cl,

3CgF5IF; + Bi(CgFs); —2°3(CgFs),IF + BiF; (20)
[(C6Fs),|[BF4] + > 1NaF23(CFs),IF | + Na[BEy] | (21)

When CgFslF, reacted with Bi(CgFs)s (slight excess, relative to
the 3:2 stoichiometry, is necessary) in the basic solvent MeCN,
(CgFs)3l was formed (Eq. (22)). In contrast to (CgFs)IF, (CeFs)sl
shows two different types of CgF5 groups (*°F NMR): one in a 2c-2e
mode and two (with a more anionic character) in a 3c-4e mode.
The formation of (CgFs)sl as a by-product in the reaction of IF; with
Cd(CgF5), was mentioned above [43]

3CsF5IF; + > 2Bi(CoFs )5 "o 3(CoFs )1 + 2BiFs. (22)

2.1.3. Per- and polyfluoroorganoiodonium(Ill) salts [R{R')I]Y and
[RAX)I]Y

Routes to iodonium salts, [R(R")I]Y or [R(X)I]Y, with one or two
C-I bonds in the cation can principally proceed from precursors
with the same number of C-I bonds, e.g. by abstraction of a
negatively charged ligand X from the I(Ill) molecules R(R")IX or
RIX; (Eq. (23a)) or by addition of an electrophile, preferable a
proton to a I=0 or I=C double bond (Eq. (23b)), or by reduction of
the corresponding organoiodine(V) precursor (Eq. (23c)). Addi-
tionally, the transformation (including fluorination) of one or both
organo group(s) bonded to I(Ill) (Eq. (23d)) has to be mentioned

R(R))IX or RIX; + LA — [R(R)IJ[LA-X] or [R(X)I][LA-X] (23a)
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RI=0 or RI=C(R'); + HY — [RI(OH)]Y or [RI(CH(R'),)]Y (23b)
R(R)IXs +2e~ — RR)X + 2X" (23¢)
[R(RHIY — [R(R)IY or R (R")]Y (23d)

In case of perfluorinated iodonium salts the routes in (Egs. (23a)-
(23c)) describe no useful paths and no example of route (Eq. (23d))
has been reported so far. The perfluoroorganyliodonium salts
[REIX]Y (X=F, OC(O)CFs, etc.) or structurally related species
(Eq. (23a)) were discussed as intermediates in reactions of RglX;
with Lewis acids. Yagupol’skii et al. observed the precipitation of a
product “[RpIF][BF4]” when BF3; was bubbled into the dichloro-
methane solution of RglF, (Rf = C3F;, CgF13) at low temperatures,
but they did not study the nature of this solid [47]. The protonation
of CgHsI=C(S0,X), (X =F, CF3) with HOTf in CH,Cl, resulted in a
solution of [CgHs(CH(SO2X),)I|[OTf], while under the same
conditions, the corresponding pentafluorophenyl derivative,
[CeFs(CH(SO2F),)I[OTf], was detected only as a minor component
of a complex mixture by '°F NMR [48]. The dissolution of C¢FslO in
cold (—50 °C) HSOsF was described rather as the donor-acceptor
complex [CgFsI=0-HOSO,F] than as the salt [CgF5(OH)I][OSO,F]. In
the stronger acid (HSO3F-SbFs) CsF510 decomposed and iodine was
formed [49].

Perfluoroorganoiodonium salts [Rg(R')I]Y with all kinds of
organo groups were preferentially prepared by methods which
enable the formation of a second carbon-iodine bond. Some of the
applied methods are common procedures whereas others are less
familiar.

The formal addition of a carbocation characterises one
approach. Thus, the salt [CF3(CH3)I][MFg] was obtained by the
electrophilic methylation of CF3l with CHsF and MFs in SO,
(Eq. (24a)) [50]. Mono- and di-methylation of 1,4-diiodotetra-
fluorobenzene occurred similarly (Eq. (24b)) [51]:

CFsl + CH3F + MFs> ">~ [CF5 (CH3)IJ[MFg] (M = As,Sb)  (24a)
1,4-CgF4l, + CH3F + SbFs %C[4-ICGF4<ICH3)] SbF)]
+ [1,4-C¢F4(ICH3),][SbFe], (24b)

Perfluoroalkynylxenonium tetrafluoroborates displayed excel-
lent alkynylating properties in reactions with alkyl-, trifluoro-
vinyl-, and fluoroaryl-iodides (Eq. (25)) [52]

aHF

[CF3C=CXe|[BF,] + R1 2%

730t020uc[CF3CEC(R/)I] [BF4] + Xe (25)

where R’ = CF3CH2, CFz:CF. C5F5. 3-FC5H4.

The synthesis of [(CgFs)21][AsFs] was successfully performed in
the high viscous melt of salt [ CgFsXe][AsFg] with a 10-fold excess of
CgFsl at 140 °C (Eq. (26)) [40]

CeFsl(excess) + [CGF5Xe][AsF6}r:I%Ch [(CeFs),I][AsFe] + Xe®  (26)
d 20%

Both reactions, (25) and (26), and the formation of
[(C6F5)2I][(C6F5)3BF] from CgFsl and [C5F5Xe][(C6F5)3BF] in acet-
onitrile solution at 20 °C [53] occurred in an electrophilic pathway.
Further investigations showed however that the related salts,
[CeFsXe]Y (Y = [AsFs, CsFsBF3]), did not react with iodopentafluoro-
benzene (MeCN, 20 °C, 70 h; MeCN, 80 °C, 4 h; CH,Cl,, 80°C, 4 h
[40]). It can be assumed that the pentafluorophenylation of CgFsl
occurred via the electrophilic pentafluorophenyl radical generated
by the thermal decomposition of [C¢FsXe][AsFg] (in the melt) or
[CeFsXe][(CeFs)3BF] (in solution). The inertness of CgFsl to [2,4,6-
CgF3HyXe][BF4] in MeCN at 20°C and the formation of [2,4,6-
CsFsHy(CgFs5)I[BF4] at 60 °C [54] can be explained in the same way.

The generation of an organyliodine(Ill) electrophile and the
subsequent reaction with an appropriate aromatic compound ArH
provided an effective access to per- and polyfluorinated organyl-
(aryl)iodonium salts and was first described by Yagupol'skii and
co-workers [55]. The first step in this sequence involves the
polarization, e.g. (a) of one I-F bond in RglF, by BF; (Eq. (27) or (b)
of one I-0 bond by protonation of the oxygen-containing acyloxy
ligand directly bonded to I(III) (Eq. (28)):

RfIF, + BF; — (R¢IF- -FB&)%[RF(AUI] [BF4] (27)

RFI(OC(O)R’)Zli»[RFIOC(O)R’(OC(OH)R’)]+ Art}

_HOC(O)R' [RF(AF)I] [OC(O)R/]

(28)

The generation of the electrophile according to (Eq. (29))
occurred when bubbling BF; into the cold (—60 °C) solution of RgIF,
in CH,Cl, or CHCl3, whereupon a precipitate was formed. The
subsequent addition of benzene or toluene at 20 °C yielded the
iodonium salt [Rg(Ar)I][BF4] [47]. a,w-Bis(aryliodonium)perfluoro-
alkylene salts were obtained similarly (Eq. (30)) [38]

1.CH,Cly,—60°C
RelF; + BF32,C5HG,——60>t020°C [RF(CGS%Z/}][BF4} (29)
where Rg = C3F7; CgFq3
F21(CF,CF,),IF, + 2CsHg
1.CH,Cl,,~60°C
+ ZBF32_C6H6_——60>t020°C [CGHsl(CFznggQ;LCGHS] [BF4}2 (30)

where n=2, 3. The electrophilic iodopentafluophenylation of
mesitylene was performed in high yield under modified conditions

(Eq. (31)) [5]

CgFsIF, + BF3-

1.MeCN,-40°C

NCCHs [C6Fs (2,4, 6-CgHy (CH3)4)I][BEy] (31)

-
2.1,3,5-CsH3(CH3)3 0%
The solution of per- and polyfluoroalkyliodine bis(trifluoro-
acetate) in CF3C(O)OH reacted with benzene and toluene at 0 °C to
give per- and polyfluoroalkyl(aryl)iodonium trifluoroacetate. The
latter can be converted into the corresponding halides [37,55].
Pentafluorophenyliodonium salts were obtained analogously
(Eq. (32))
1.CF3C(0)OH,0°C,60—-100h

RrI(OC(0)CFs), + ArH =5,

2.MY,—M[OC(0)CF;] [Re(AD)IY (32)

where Rg= C3F7, C6F13, H(CcmFz)chz, H(CcmFz)chz, C6F5;
Ar = CgHs; CH3CgHy; MY = AgF in MeCN, aqueous NaCl or aqueous
[Et4N]Br.

It is interesting that the reactivity of (CF3C(0)0),I(CF,CF;),I(O-
C(O)CFs), towards ArH diminishes with the elongation of the
carbon chain from n =1 to 3. The ethane derivative (n = 1) reacted
with benzene to yield the corresponding diiodonium salt, whereas
the reaction with toluene occurred too rigorous and gave tar. The
butane derivative (n=2) did not react with C¢Hg whereas the
reaction with CgHsCH3; was completed after 14 d. The hexane
derivative (n = 3) did neither react with benzene nor with toluene
[38] (Eq. (33))

(CF3C(0)0),1(CF,CF,),I(0C(0)CF3),

" ArHCFfs%O”[Arl(CFZCFz)nlAr] [0C(0)CFs], (33)

where n=1, Ar=CgHs; n=2, Ar = 4-CH3CgHa,.
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Umemoto et al. improved this method significantly by using the
stronger protic acids (HOTf, HOS(O),F or H,SO,) instead of
CF3C(0O)OH [56,57]. Under these conditions, the reaction of
perfluoroalkyliodine bis(trifluoroacetates) with benzene or fluoro-
benzene was completed within 1d to give perfluoroalkyl(aryl)-
iodonium salts in high yields (Egs. (34a)-(34c))

ReI(OC(0)CF3), + CgHe

N HYC::CC‘CFC12 [Rr(CeHs)IY + 2CF3C(0)OH

>90%

(34a)

where RF=CnF2n+1 (Tl=2, 3, 4, 6, 7, 8, 10), (ch)ch, CFzBl'CFz,
H(CF>)10

RrCH,I(OC(O)CF3), + CsHg
CFZCICFCIZ

+HY" "= " [ReCH; (CeHs)I[Y + 2CF3C(0)OH

70-90%

(34b)

where RF = CF3, C3F7, C7F1 5, H(CF2)10, HY = HOTf, HOS(O)zF, H2504

(CF3C(0)0),1(CF,),,1(0C(0)CFs), + CgHe

CF, ClCFClz

+HOTf™ [CHs1(CF,),,1C6Hs5][OTf], + 2CF3C(0)OH

90-95%
(34¢)

where m =3, 8.

Furthermore, poly- and even perfluorinated diaryliodonium
salts could be prepared by this method as demonstrated by the
synthesis of bis(2,6-difluorophenyl)iodonium triflate [11]
(Eq. (35)) and bis(pentafluorophenyl)iodonium triflate. The latter
was obtained directly from pentafluorobenzene and iodine
tris(trifluoroacetate) in the presence of HOTHF. It is likely that the
reaction proceeds via CgF5I(OC(O)CF3), [58] (Eq. (36))

2,6-CgF,H3I(OC(0)CF3), + 1,3-CgFyHy

CF3C(0)0H

+HOTf =="[(2,6- C6F2H3) 1)[OTf] (35)

CF3C(0)

2CsFsH + 1(0C(0)CF3); + HOTF [(CGFs) 1)[OTf] (36)

81%

A useful approach to polyfluoroalkyl(aryl)iodonium sulfonates
and polyfluoroalkyl(alkynyl)iodonium sulfonates was elaborated
by Zhdankin et al. [59-61]. They found out that 1-[hydroxy(sulfo-
nyloxy)iodo]-1H,1H-perfluoroalkanes (see Section 3, Eq. (77))
smoothly react with aryltrimethylsilanes and alkynyltrimethylsi-
lanes under very mild conditions to give iodonium salts in high
yields. In contrast to the methods discussed above, this procedure
does not require the presence of acids and can be employed in case
of acid-sensitive substrates (Eqgs. (37a) and (37b))

CH2C12

CaFan:1CH21(OH)Y + ArSiMes 1 [CnFan 1 CHa (ADTY

+0.5(MesSi),0 + 0.5H,0 (37a)

where n=1, 2; Ar=CgHs, 2-MeCgH4, 4-MeCgH,4, 4-MeOCgH,4, 4-
MesSiCgHy, 4-CICgHy; Y = OTf, OTs

CuFan.1 CH21(OH)OTE
+ R"C=CSiMe; 252 [C, Fyp 41 CH, (R"C=C)1][OTS]
+0.5(MesSi),0 + 0.5H,0

where n=1(—-30 to 0°C, 2h), n=2
ME3Si.

In contrast, 1-[hydroxy(sulfonyloxy)iodo]perfluoroalkanes,
C,F2,+1I(OH)OTf, were less reactive and did not react with
alkynyltrimethylsilanes. lodoperfluoroalkyldesilylation of aryltri-

(37b)

(reflux, 2 h), R” =Ph, t-Bu,

methylsilanes with Y =0S(0),CF; proceeded in the presence of
Me3SiOTf, whereas the reactions with Y =0S(0),CHs) and Y = 4-
0S5(0),CeH4CH3) were much slower even in the presence of
CF3C(0O)OH (3-4 equiv.) (Eq. (37¢)) [59,60]

Mes SiOTF,CH, Cl
—

CoFania I(OH)OTF + ArSiMes " = 7
—30-

[CnFany1 (Ar)I)[OTI]

+0.5(MesSi),0 + 0.5H,0 (37¢)

where n=2, 3, 4, 6, 8; Ar=CgHs, 2-MeCgH,, 4-MeCgH,4, 4-
MeOCgHy, 4—M63SiC6H4, 4—C]C6H4.

Usually, reactions of polyfluoroorganyliodine(Ill) electrophiles
derived from RpIX; with ArH, ArSiMes, and R"C=CSiMe; are very
attractive for the preparation of asymmetric iodonium salts
[Re(R)ITY (R = Ar, R”C=C). This route is restricted to sufficiently
nucleophilic partners ArH or aryl- and alkynyltrimethylsilanes,
because of the relative weakness of the iodine electrophiles applied
here.

A convenient approach to per- and polyfluorinated iodonium
salts is based on the reaction of organyliodine(Ill) difluoride
with organoboranes, RBX. Initially, this reaction was performed
with triarylboranes (X=R) and resulted in diaryliodonium
arylfluoroborates (Egs. (38a) and (38b)) [53,43,62]. Later,
Naumann et al. performed it in the presence of BF3-OMe,, and
thus obtained the corresponding tetrafluoroborates (Eq. (38c))
[54,11]

solvent

C6F5IF2 + B(CGF5)3 — [(C5F5)2[][(C6F5)HBF4,H](H =0- 4) (383)
Solvent: CH,Cl, (—50 °C, 1 h) or MeCN (—40 °C, 4 d) [53,62]

CH,Cl,

IF; -+ B(CoFs); 2 [(CeFs),1][(CeFs),BFan](n = 0 — 3) (38b)
68%
3R¢IF, + BAr; + 2 BF; - OMe, :O%; 3[Re(Ar)1)[BE,] (38¢)

where Rg = C6F5, 2,6—C5F2H3; Ar= 2—FC6H4, 3—FC6H4, 4—FCGH4, 2,6-
CeF2H3, 2,4,6-CgF3H,, CeFs.

A straightforward preparative approach to per- and polyfluoro-
organodifluoroboranes RgBF, (R = CgF,,Hs_,,, R”CF = CF, CF, = CR”,
R”C=C) in weakly coordinating solvents (CH,Cl,, 1,1,1,3,3-penta-
fluoropropane (PFP), 1,1,1,3,3-pentafluorobutane (PFB)) was
developed by Frohn and Bardin in the last decade [63,64] and
allowed the syntheses of a number of symmetric and asymmetric
bis(per- and polyfluoroaryl)iodonium (Eqgs. (39a) and (39b))
[65,21,66], perfluoroalkenyl(aryl)iodonium (Eq. (39c)) [21,66],
perfluoroalkynyl(aryl)iodonium, perfluoroalkynyl(perfluoroalkenyl)-
iodonium, perfluoroalkynyl(polyfluoroalkyl)iodonium (Eq. (39d))
[18], and perfluoroalkyl(perfluorophenyl) iodonium [5,67] tetra-
fluoroborates (Eq. (39e))

CH,Cl,

CoFsIF; + ArBF, —2=* [CoF5(An)I][BF4] (39a)

where Ar=C6H5, 2—FC6H4, 3-FC6H4, 4-FC6H4, 2,6—C6F2H3, 3,5-
CeF2Hs, 2,4,6-CeF3Hy, 3,4,5-CsFsHy, CeFs, 4-CsF4N

(4-CsF4N)IF, + (4-C5F4N)BF; C“Zcz [(4-C5F4N),1][BF4] (39b)
! " CHZCIZ ! n
RIF; -+ RCF=CFBF, "2 [R'(R"CF=CP)I|[BF,| (39¢)
70-95%
where R’ = CgHs, 2-FCsHa, 3-FCsHa, 4-FCgHa, CoFs, R” = F, trans-CFs
RelF, + R'C=CBE, 2% Ri(R"C=C)I)[BE,] (39d)

—60to—10°C,34d 74-90%
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where RF = C6F5, (CFg)zCFCF = CF, C4F9, CF3CH2, R = (CH3)3C, CF3,
(CF3)oCF
CCl3F

CsFsBF, + CoFi131F, o [C6Fs5(CsF13)1)[BF4] (39e)

The transfer of the organo group from boron to iodine(Ill)
follows a Lewis acid-Lewis base interaction (Scheme 1). Two
aspects are important for such acid-assisted nucleophilic sub-
stitutions: (a) the interaction of the acid RBX, with the IF, triad
weakens one I-F bond and makes the iodine centre more
electrophilic and (b) as a consequence of the interaction of the
fluoro base with the acid RBX,, the nucleofugality of the R group
will increase.

Recently, phenylphosphorus(V) tetrafluoride was also success-
fully used for the preparation of fluoroaryl(phenyl)iodonium
hexafluorophosphates (Eq. (40)) [21]

ArlF; + CGHSPFf%f'é [Ar(CeHs 1] [PFg) (40)

where Ar = CgFs, 4-FCgHa,.

In the presence of the strong Lewis acid, NbFs, polyfluorophenyl
groups are transferred from triarylbismuth to fluoroaryliodine(III)
difluoride and diaryliodonium salts are formed in high yields
(Eq. (41)) [68]
3ArIF, + 3NbFs + Bi(Ar'); Mec 3 [Ar(Ar)I][NbFg] +BiF3 (41)

~40t020°C 85.919%
where Ar = CgFs, Ar’ = 2,6-CgF,H3, CgFs; Ar = 2,6-CgF,H3, Ar’ = 2,4,6-
CeF3Ha.

Finally, reactions with a less general interest in the syntheses of
polyfluoroorganyliodonium salts are reported. The bis(pentafluoro-
phenyl)iodonium salt was obtained from CgFsSiF; and [IF,][SbFs] in
HSOsF. During this conversion CgFsIF;, one of the possible
intermediates, could not be detected [69].

The most remarkable property of iodosylbenzene CgHsIO is the
ability to disproportionate under controlled thermal conditions
(steam distillation) yielding CgHsIO, and CgHsl. In contrast, its
perfluorinated analogue, CgFsIO, formed the iodonium salt under
similar conditions (Eq. (42)) [40]

(C6Fs5),1][103] + CgFsl (42)

3CeFs10 —
0% 100°C‘6h[ 60%

Pentafluorophenyl(phenyl)iodonium chloride was obtained by
the nucleophilic arylation of PhICl, with CgFsLi and then converted
into the more stable trifluoroacetate (Eq. (43)) [9]

. ether

C6H51C12 + C6F5L1—78?2>0“C [Cng(E:g/}C'L;)]]Cl
CREOIORERCONO 6 ke (CeHs )11 [OC(0)CFs] (43)

reflux,3 h

A few communications deal with bis(perfluoroalkyl)iodonium
salts. Generally, the formation of onium salts from hypervalent
precursors proceed under acidic conditions. Ref. [44] describes the
formation of [(CF3),I]Y from CFsIX, (X=F, Cl, OC(O)CF3) and
(CF3),Cd-D (D =donor) as well under basic conditions (MeCN,
pyridine) as under acidic conditions (B(OC(O)CF3)3 in CH,Cl, or

Re
R F—l—F
F——I——F + RBX; —— 2} A
R—BX,

S0,). The identification of [(CF3),I]Y by '°F NMR in the product
mixtures was not unambiguous [44]. The reaction of (CF3),CFI with
CIOX (X =ClOs, SO,F) gave solids (Eq. (44)) whereas the
unbranched perfluoroalkyl iodides were converted into the
corresponding ethers RgOX (colorless liquids). Christe et al.
proposed an ionic constitution of the solid products from the
Raman spectroscopic comparison with M[I(0X),] salts [32,33]

autoclave

2(CF3),CFI + 2C10X™— "[((CF3),CF), [][I(0X) 4] (44)
where X = Cl03 (—196 to —45 °C, several days), SO,F (—45 to 20 °C).

2.1.4. Perfluoroalkyliodate anions [(Rg)nIX4_n]™

In the literature we have found only two examples of anions
with perfluoroalkyl groups, namely cis-[(CF3),IF,]” [44] and
[CEsICI3]™ [70].

cis-[(CF3),IF>]~ was assigned from the 'F NMR spectrum in the
reaction mixture of CF3IF, and Hg(CF3), in the weakly coordinating
solvent CH,Cl, (Eq. (45)). The [CF3ICl3]~ anion was formed from
CFsICl; and CI™ and was stabilised in the presence of the weakly
polarising cation [Ph4As]* (Eq. (46))

CE5IF, + Hg(CF3), %252 Ceis-[(CF3),1F2]~ + (CF3),IF +... (45)
CF31Cl + PhyAsCl™ %2278 ph, As) [CF51CL). (46)

2.2. Per- and polyfluoroorganoiodine(V) compounds

2.2.1. Per- and polyfluoroorganoiodine(V) molecules, RglF,

Two pathways to per- and polyfluoroorganoiodine(V) com-
pounds are known: the oxidative route which starts from mono or
trivalent per- and polyfluoroorganoiodine compounds and the
nucleophilic introduction of the organo group into the inorganic
iodine(V) parent compound, IFs. No example of a disproportiona-
tion of RgIX; into ReIX4 and Rel in analogy to the disproportionation
of IF3 has been reported as a preparative route so far.

In order to reach I(V) it is obvious that (a) the fluorinating agent
must be stronger and (b) the fluorinating conditions must be more
severe than for I(Ill). Consequently, oxidative cleavage of the C-I
bond and in case of unsaturated organo groups fluorine addition
across double bonds are concurring reactions. The addition of F, to
one of the two lone pairs of electrons at iodine in RglF; is in
principle possible in inert solvents like CCIsF. RgIF,, which is
formed by the addition of F, to Rgl at —78 °C, is insoluble at this
temperature. At —40 °C RglF; becomes soluble in trace amounts
which react fast with F, (Egs. (47a) and (47b)) or undergo by-
reactions. Generally, the direct fluorination is not a favoured route
to RelF4

F,—N. 10% F,—N 10%
(12 S0 g, NS 1D g, (47a)
CCI3F,-78°C CCIsF,—40°C

F,—N. 10%

2 NS10%)p 1R, (47b)

F
CCl3F,—40°C

where Rg = CF3 [4].
The fluorination of monovalent Rgl to ReIF4 with CIF;3 (Eq. (48)) is
a delicate reaction, which often ends with mixtures of I(IIl and V)

— Rp(R)IF + BFX2 —— [Rr(R)II[BF2Xz2]

Scheme 1. The interaction between RgIF, and RBX; and the introduction of group R into the iodine moiety.
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products. In case of CgFsl addition across C=C double bonds has to
be mentioned as one side-reaction

3R¢l + 4CIF3 — 3RgIF, +2Cl, (48)

where Rel = C,)Fyn41 (n=1, 2, 3,4, 6,10) [6,71,72] SF5(CF),l (n =2,
4) [73] CgFsl, 1,4-CoF4l; [74].

Excess of BrF; or BrFs is proposed for obtaining RglF,
COmpOUndS (BrF3 [6,24], BrFs (RF=C2F5, C4Fg, CgFq3 [6,24], CeFs
[10])). CeFsl adds fluorine in a slow reaction with CgFsBrF, or
CgFsBrF,4 and forms CgFsIF4 besides to CgFslF-.

The addition of fluorine to Rgl or RelF, using XeF; is likewise a
slow reaction [17] and can be accelerated by catalytic amounts of
weak Lewis acids (Eq. (49)). The influence of stronger Lewis acids
will be discussed below. The reaction of CgFsI with XeF, in aHF in
the presence of equimolar amounts of water gives mixtures of
CgFslF; and CgF5lF4 [20]

XeF, XeF,
Rel % RelF> "5 RelF (49)

where Rg = CgFs [17], 2,3,5,6-CsF4N [75].

Only one example describes the oxidative addition of fluorine to
ReIF, using a derivative of positive chlorine (Eq. (50)). This reaction
reveals an interesting aspect. The first step is the addition of CI(I)
followed by [OCF5]~ or F~. The intermediate CF3I(Cl)F,Y (Y = OCF3
or F) contains a negatively polarised chlorine bonded at I(V).
Generally, CI~ acts as reducing agent for I(V). In this case the
consecutive reaction of CI°~ with 8+C10CF3 must be faster than the
internal redox reaction and ends with CFsIF, [76]

no solv.

CF5IF; + 2CIOCF; Socc CF3lF, + Cl; + 2C(O)F, (50)

XeF, in the presence of medium to strong Lewis acids takes over
the oxidiser property of [FXe]*. Thus, reactions with CgFsIF, and
CsFsl show two reaction channels: (a) fluorine addition to I(IIl) or
I(I) and (b) across the C=C double bond (Egs. (51a) and (51b)) [77]

CoFsIF, + 5XeF, IR 207 CBBI oy F, IR, + CoFolFy

T (51a)

aHF,20°C [NbF5

CoFsl + 4XeF, ™ 2 SNFsle FolF, + .. (51b)

In the acid-catalysed fluorine addition, the C=C double bond, at
which iodine(I or III) is attached, is strongly polarised and
undergoes no fluorine addition. This makes the procedure also
suitable for the preparation of alk-1-en-1-yl-iodine tetrafluorides,
exemplified for cis- and trans-(CF3),CFCF—=CFIF, [77]. Even per-
fluoroalkyl iodides can be fluorinated to alkyliodine tetrafluorides
using the combination XeF,/Lewis acid [77].

Preferable reactions to synthesise CgFsIF; are based on
the nucleophilic substitution of one fluorine in IFs by CgFs.
Efficient aryl transfer reagents are CgFsSiFs (Eq. (52a)) [78],
[NMe,4][CeF5SiF4] (Eq. (52b)) [79], and Bi(Rg)s (Eq. (53)) [80]

MeCN, 82°C

IF5 + CstSiF3 — C5F51F4 + SlF4 (523)
IFs + [NMeu)] [CoFsSiFa] 2725 “CFsIF, + [NMea][SiFs] (52b)
31Fs + Bi(Re)5 % “3RfIF, + BiFs | (53)

Besides CgFs5lF4 [78,80,82], 2,6-CgHsF>IF,4 [8]] 2,3,5,6-CsF4NIF,4
[75], and CFslF, [82] were obtained using Bi(Rg); reagents.

The [CeFsSiF4] ™ anion is a good source of the CgFs nucleophile.
IFs reacted fast with [NMey][CgFsSiF4] in CH,Cl, and formed
CsFsIF4 besides [SiFs]~ (Eq. (52b)).

An alternative route, the electrophilic attack of [IF4]" on CgFsH
or 1,3,5-CgHsF3, is given in the following equation [83]

aHF,SO,ClIForIFs
—

Arg-H -+ [IF4][SbFg_nCl,] ACFIE, + (H[SbFs_,Cla])  (54)

where Arg = CgFs, 1,3,5-CgF3Hs.

2.2.2. Per- and polyfluoroorganoiodonium(V) salts [RH(R')IF;]Y

[ReR'IF,]Y salts with one or two CgFs groups are the result of
actual research. Starting from CgFsIF, one fluorine of the 5c-8e
hypervalent IF; group can be substituted by an aryl group Ar
(Ar = CgFs, FCgHy) (Eq. (55)) [26]. (Eq. (55)) demonstrates how
widely applicable reagents fluoroorganodifluoroboranes are in
polyvalent halogen chemistry for the introduction of fluoroorgano
groups

CH,(Cl,.20°C

CoF5IF, + ArBF, 222" “[CgFs (Ar)IF,][BE,] (55)

where Ar = C6F5, 2—FC6H4, 3—FC6H4, 4—FC6H4.
2.3. Perfluoroorganobromine(Ill) compounds

2.3.1. Perfluoroorganobromine(Ill) molecules, RrBrF,

Only three publications deal with the synthesis of perfluoro-
arylbromine(Ill) molecules. C¢FsBrF, was claimed as a product of
the addition of fluorine to RgBr [84], but the published
characteristic properties and spectroscopic data contradict the
unambiguous characterisation given for the fluorine/CgFs sub-
stitution products on BrFs (Eq. (56)) [85]

CCl3F,—5°C

BrFs; + C5F551F3 —— CgFsBrF; + SlF4 (56)

(CeF5),M reagents with a weak acidic metal centre and the
effective nucleophilic CgF5 group are able to substitute one fluorine
in BrFs (Eq. (57)) [86].

With an excess of (CgFs),M reagents it was not possible to
introduce a second CgFs group and to form neither (CgFs)>BrF nor
the cation [(CgF5),Br]* (Eq. (58)) [86]

2BrF; + (CgFs),M" 52 2C6FsBIF, + MF; | (57)

where M = Zn, Cd, Hg [86]

ZCG F5sBrF,

MeCN,<0°C

+ (CeF5),Cd" —=" Tneither(C¢Fs)BrF nor [(CsFs),Br]".  (58)

2.3.2. Perfluoroorganobromonium salts [Ri(R' )Br]Y

Bis(pentafluorophenyl)bromonium salts, [(CgFs5),Br]Y (Y = BF,4,
AsFg, SbFg, PFg), represent the majority of bromonium compounds
which contain perfluorinated organic groups bonded to Br(III).
The routes elaborated for the syntheses of non-fluorinated or
mono-fluorinated organobromonium salts were unsuccessful
for their polyfluorinated analogues [Rg(R’)Br]Y. For instance,
the electrophilic alkylation of organyl bromides RBr with CH3F-
SbFs in SO, gave methylbromonium salts [CH3(R)Br][SbFg] in
good yields (R = alkyl, alkenyl, and aryl), but failed for R = 4-CgBrF,4
[51]. The pentafluorophenylation of CgFsBr with molten
[CeFsXe][AsFg] resulted in [(CeFs),Br][AsFg], but in a very low
yield (Eq. (59)) [40]

CsFsBr(excess)
+ [CeFsXe][AsFg] "2 [(CgFs),Br][AsFg] + CgFg + Xe° (59)
melt,1h 6% 83%

The arylation of BrF3 with (XCgH4)4Sn [87] or (XCgH4),Hg [88]
led to the salts [Ar,Br][BF,] in high yields, but Nesmejanov et al.
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reported that (CgFs)4Sn and (CgFs);Hg were not reactive or
underwent oxidative fluorination across the C=C bond [87,88].
Few years ago, a convenient route to [(CgF5),Br]Y was elaborated
by Frohn et al. Pentafluorophenyl groups were introduced into BrFs
using the corresponding organoborane or the combination
cadmiumorganyl-Lewis acid (Eqs. (60) and (61)) [86]

CH,Cl,/ <MeCN
—

BrF; + (C6Fs),BF 8t030-Ch [(CGFS)gzagr] (BF4] (60)

CGF5 Ber + 05Cd(C5F5)2

4+ BF; - NCMe" 22 5MN (e Fy), Bri[BE, (61)
~781020°C 562309

The use of AsFs-NCMe or SbFs-NCMe instead of BF3-NCMe (Eq. (61))
gave the corresponding hexafluoroarsenate and hexafluoroanti-
monate in the same yield. However, better yields of
[(CgFs5)2Br][AsFs] and [(CeFs),Br][SbFg] were obtained by treating
the tetrafluoroborate salt with AsF5 in CH,Cl, or with SbFs in SO,
|86]. Effective carbon nucleophiles can be introduced into the
bromine environment using the perfluoroorganodifluoroborane
route, discussed above (Eq. (39d) and Scheme 1) and exemplified
by (Eq. (62)) [89]
P

C6FsBIF, + C3F7CECBF274(£6 - [C3F7C=C(CsFs)Br][BFs] (62)

where PFP = CF;CH,CHF,.
2.4. Perfluoroorganobromine(V) molecules, ReBrF, and RgBrO>

Three perfluoroorganobromine tetrafluorides are reported in
the literature resulting from fluorine addition to the correspond-
ing monovalent perfluoroorganyl bromides, CgFsBrF; [90],
C3F;BrF4 [91], and C;F;sBrF4 [92]. The independent synthesis
of C¢FsBrF, by fluorine/CgFs substitution (Eq. (63)) [93] showed
that the preceding report [90] was erroneous. Consequently,
missing of an unambiguous proof for C3F;BrF; and C;F;sBrF,
calls the reported data into question [91,92]. Winfield et al.
showed that the attempted fluorine addition to bromine in
CgFsBr with CIF; ended neither with CgFsBrF, nor CgFsBrF,4 [74].
Fluorine was only added across the C=C double bonds of the aryl
group. Frohn et al. offered four procedures to introduce the CgFs
group into the Br(V) moiety. In Eqs. (63)-(65) and (67) BrFs or
K[BrFs] were wused as starting materials and CgFsSiFs,
(CFs)nSiMey_, (n=1, 2), or M(CgFs), (M =2Zn, Cd) as reagents
of different acidity [93,94]. They also showed that BrO,F
underwent fluorine/pentafluorophenyl substitution and formed
CeFsBrO, (Eq. (68)) [95]

C,ClyF4,0°C
s

BrFs + CgF5SiFs [2MeCN]

CeFsBrF, + SiF4 [93] (63)

MeCN,—-40°C

2K[BrFg] + CgFsSiFs " " ‘CgFsBrFy + Ky[SiFg] + BrFs [96]  (64)

CH,Cl,,0°C

BrFs + %(Cst)nSiME4,n [ZIEN] CgFsBrF, + %Me4,nSiF,1 [94] (65)

where n=1, 2, but

K[BrFs] + CoFsSiMes; — K[BrF4] + CsFs + Me3SiF[96] (66)
BrFs + 0.5M(CgFs), " 222° CgFsBrF4 + 0.5MF, | [94] (67)
where M =Zn, Cd.

2BrO,F + (CgFs),Cd" > "2C6FsBrO, + CdF, | [95]. (68)

2.5. Perfluoroarylchlorine(lll and V) molecules

Two references dealing with perfluoroorganochlorine(III)
compound can be found in literature. The syntheses claimed
for CgFsCIF, [97] and CgFsCI(F)CI(F)CeFs [98] were performed
as fluorine additions to CgFsCl in analogy to the erroneous
report on the synthesis of CgFsBrF, and CgFsBrF, (autoclave,
117 °C). There is no comprehensible proof for the two
molecules.

3. Typical transformations on polyvalent
perfluoroorganohalogen(lll and V) compounds and important
reactivities of the halogen centers

The first part of this chapter deals with transformations of the
HalX, and HalX; unit in perfluoroorganohalogen(lll and V)
molecules and concentrates on transformations of IF, or IF,,
I(acyloxy),, and IO or 10, groups. The very polar I-F bond reacts
with weakly Lewis acidic reagents like silanes R3SiY according to
(Eq. (69)) to the corresponding RglY, molecules

ReIF; + 2R3EY — RelY, + 2R3EF (69)

whereE = Si,R = Me, Rg = CF3: Y = OMe [99]; E = Si,R = Me, Rg = CF3:
Y =Cl[70]; E =Si, R=Me, Rg = CgFs: Y = CN [100].

The specific substitution of only one fluorine of the IF, triad
using Me3;SiOMe for example seems not possible. But starting from
the asymmetric triad CI-I-F, the specific substitution of fluorine
could be realised (Eq. (70)) [99]

CF31(CI)F + Me3SiOMe — CF31(Cl)OMe + MesSiF (70)

A related transformation was used to obtain a rare example of
ReICl, molecules (Eq. (71)) [102]

CF3I(CI)F + MesSiCl — CF3ICl, + MesSiF (71)

Even BY3 (Y =Cl, Br, I, OC(O)CF;) and Me3SiCN were claimed as
reagents to obtain the corresponding molecules CFslY, and
CF3I(CN), [70].

With boranes RBX, of different acidity, carbon nucleophiles
could be introduced under formation of numerous iodonium(III)
salts (Eq. (72)), see Section 2.1.3

RelF; +RBX; — [Re(R)I][BF2X;] (72)

In addition to Si- and B-electrophiles also carbon electrophiles
like (CF3C(0)),0 were applied in the acid-assisted substitution of F
against a O-nucleophile, here OC(O)CF5 (Egs. (73a) and (73b)). The
same strategy can be used to introduce other oxoacid anions as
demonstrated in the case of ONO, (Eq. (74))

ReIF; + 2(CF3C(0)),0 — Rel(OC(0)CF3); + 2CF5C(O)F (73a)
where Rg = CF3 [103], CgF5 [11]
CsFsBrF, +2(CF5;C(0)),0

— CgF5Br(0C(0)CF3), + 2CF3C(O)F[85, 104] (73b)
RelF; +3N305 — Rpl(F)ONO, + Rpl(ONO;); 4+ 3NO,F (74)

where Rg = CF3 [30], C5F5 [9]

Transformations of I(OC(O)CF3), groups are dominated by the
substitution of one acyloxy group by an aryl group under
proton assistance (electrophilic introduction of the Rgl(OC(O)CF3)
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unit into benzene derivatives) (Eq. (75)), for more details see
Section 2.1.3

ReI(OC(O)CF3), + C6H5Meﬂ[RF(C6H4Me)I] [OC(0)CF5]
+ CF3C(0)OH (75)

where Rg = C3F7, C6F13, CGFS [55]

A related reaction for the introduction of activated benzene
derivatives into the perfluoroalkyliodine(Ill) moiety is given in
(Eq. (76)) [105]

CaFan 110 + 1,4-CoHa (SiMes ), "> [CFop

(4-Me3SiCgHy)I|[OTf] (76)

The synthesis of hydroxy(tosyloxy)iodoperfluoroalkanes has to be
mentioned (Eq. (77)), because this class of compounds makes
useful reagents available [106]

Rrl(OC(O)CF3); +TsOH - H,O — RgI(OH)OTs (77)

In principle ReIX; and ReIX4 molecules can be transformed into
the corresponding oxo derivatives RFIO (CgFsI0 [12,36,40,105];
CF510 [35]), REFOF, (CF3IOF, [35], CeFsIOF, [107]), and RglO»
(CF310, [35], CsFs10, [107]. In aqueous media, this conversion can
be considered as an equilibrium reaction with acidic HX as co-
product. Therefore, an excess of alkaline media is necessary. Under
the influence of OH~ the product can undergo subsequent
reactions. One indicator may be the strongly differing physical
data, e.g. the temperature of decomposition [36,39], solubilities
[49,108,109], and IR spectroscopic data [36,40] reported for
CgF510 together with the spectroscopically proofed presence of
[(C6F5)21][103] [40]. 105~ anions may be the result of the pronounced
nucleofugality of the CgFs group in [CgFs(OH)IO] ~ as an intermediate
in the presence of OH™. Thus in 1 M NaOH,q at 100 °C the C-1bond is
cleaved and CgFsH is formed quantitatively within 3 h [40]. The
formation of CFsIO is described by (Eq. (78)). This path has strong
similarity to (Eq. (69)). CFIO is intrinsically unstable. In contrast to
CsFsl0 its disproportion to CF3l and CFs10; is described [35]. CF3I0
can be acylated with (CF3C(0)),0 to give CF31(0OC(O)CF3), [103]

2CF;1F, + Si0, “’%CNC 2CF;10 -+ SiF, (78)

CgFsIOF, and CgFs10, can be obtained from the homogenous
reaction system of CgFsIF4 and (Me3Si),0 in the basic solvent MeCN
(Egs.(79a) and (79b)). The presence of MeCN is essential, because it
solvates the intermediate CgF5IOF,. In polar, weakly coordinating
solvents like CH,Cl, mixtures of products result only

CoFsIF, + (MesSi), 0" CgF5IOF, + 2MesSiF (79a)
. MeCN .
CeFsIOF, + (ME3SI)ZO — CgF510, + 2MesSiF (79b)

CF;IOF, was obtained from the reaction of CFsIF4 and SiO, and
showed an unexpected reactivity in the presence of Lewis acids,
the elimination of CF4 (Eq. (80)) [110]

CF3IOF, + BF3 — CF4 + [I0][BF4] (80)

In contrast to CgFsIF, the hydrolysis of CgFsBrF, in aqueous
medium did not end with unsoluble CgFsBrO but with CgFsBr and
0,. In a fast internal redox reaction O~ was oxidised by Br(III)
(Eq. (81)). The hydrolysis of CgFsBrF, differs in principle from that
of CgFsIF4 and CgFsBrF,. Thus, hydrolysis did not result in an
insoluble, polymeric dioxide, but in water-soluble CgFsBrO,. The
latter was also isolated from the reaction of CgFsBrF, with
(Mes),SiO (Egs. (82a) and (82b)) as an explosive (<20 °C) solid
which was characterised by the iodometric oxidation equivalent

and by '°F and '3C NMR and IR spectroscopy [95]. The equimolar
reaction of CgFsBrF4 and (MesSi),0 in MeCN did not result in
CsFsBrOF, (Eq. (83)) [95]. CeFsBrOF, was obtained from CgFsBrF,4
and CsNOs (Eq. (84)) [95]

2CsFsBrE, + 2H,0™N2C4FsBr 4 0, + 4 HF (81)
CeFsBrFs + 2H,0™NCsFsBro, + 4HF (82a)
CoFsBrF4 + 2(MesSi), 0N CF5sBr0, + 4MesSiF (82b)
2C6F5BrF4
. MeCN no CgF5BrOF;!
+2(MesSi)0 == ¢ £ BrF, + C4FsBrO, + 4MesSiF (83)
MeCN

CgFsBrF4 + CsNO3; — CgF5BrOF;, + NO,F + CsF (84)

Double bonded oxygen in RglO could be substituted by two
oxoacid anions (Egs. (85a)-(85c)) in reactions with oxoacid
anhydrides ((CF3C(0)),0 [103], N;Os [9,30], Cl,0 [14]) or by two
fluorine atoms with SF4 (Eq. (86a))[12,111]. Substitution of oxygen
by fluorine with SF, is also possible starting with Rgl(OC(O)CF3),
directly (Eq. (86b)) [12,111]

RFlO + (CF3C(0));0 — RgI(OC(0)CF3), (85a)
where Rg = CFs.

RflO + N;05 — RFI(ONOZ)Z (85]3)
RfIO + Cl,0 — R]:I(Ocl)z (85C)
RelO + >1SF4 — ReIF, + SOF, (86a)
where Rg = C3F5, CgFs.

Rel(OC(O)CF3) + > 2SF4 — RelF, + 2SOF, + 2CF3C(O)F (86b)

where Rp = C3F7.

The Hal(Ill and V)F, groups in CgFsHalF, (n=2, 4) are
amphoteric. Until now, their Lewis acidic properties were
predominantly investigated. Thus, 1:1 adducts of CgFsIF, and
bidentate (2,2’-bipyridyl, 1,10-phenathroline) and monodentate
(quinoline) N-bases were isolated and structurally characterised
(Eq. (87a)) [101]. CgFsBrF, forms a 1:1 adduct with pyridine
(Eq. (88)) which is more stable than BrFs-py and decomposes only
at 124.5 °C [96]. The hard fluoride base (CsF in MeCN at 0 °C)
initiates elimination of CgFg (Eq. (89)). This interaction is
accompanied by reduction of Br(V) under [BrF4]~ formation [96]

CgFs5IF; + N-base — CgFs5lF,-N-base (87a)

where N-base = 2,2’-bipyridyl, 1,10-phenathroline, quinoline.

CFsIF, + N-base — CF3IF,-N-base (87b)
where N-base = MeCN, py, quinoline [112].

CgFsBrF4 4+ py — CgFsBrF,-py (88)
CoFsBrEy + CsF ™ “CsFg + Cs[BrEy] (89)

Only little is known about organo(fluoro)halonium salts.
Perfluoroalkyliodine difluorides react with BF3 in CH,Cl, at
—60°C and form a precipitate of unknown composition [47].
Perfluoroorganyliodine tetrafluorides RelF4 (Rg = CgFq3,
(CF3),CFCF = CF, cyclo-CgFg, CgFs) resist to Lewis acids like aHF,
NbFs in aHF, and BF; in PFB (20-22 °C) for some hours [77], but
perfluoroalkyliodine tetrafluorides react with AsFs (—78 °C) [71]
and perfluoroalkyliodine oxydifluorides with BF3 (—78 °C), AsFs
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(=20 °C) or SbFs (0 °C) [110]. These reactions are accompanied by
the decomposition of the polyvalent iodo compounds under
formation of the corresponding perfluoroalkanes. Fluoride abstrac-
tion from CgFsIF; with SbFs in SO,FCl at low temperatures and
formation of [C¢FsIF3]" was proved by '°F NMR spectroscopy [83].
Higher stability is found when two aryl groups are present in the
arylfluoroiodonium(V) cation. The synthesis and structure
[25,113] of [(CgF5s)(Ar)IF,][BE,] is discussed in Sections 2.2.2 and 6.

A few examples of chemical transformations of perfluoroorga-
nyl groups bonded to Hal centres were reported, e.g. the
electrophilic oxygenation [114] and fluorine addition [77] to the
CsFs group in CgFslF, (n=0, 2, 4) (Egs. (90a) and (90b))

CeFsIF, + XeF, + }ho“F%fC
—Xe
cyclo-3-0-CgF51F4(main product) (90a)
CoFsIF, + Xer“F'[Nij2°°ccyclo-c6FglF4 (90b)

Perfluoroorganohalogen fluorides are interesting fluorinating
agents (Eq. (91) [93], Egs. (92a) and (92b)) [10] which have certain
advantages over halogen fluorides itself taking into consideration
the inertness of the by-product, RgHal, relative to Hal, formed from
halogen fluorides

2R3P + CgFsBrF4 — 2R3PF, + CgFsBr (91)

CoFsl + 2CoFsBrE, " NCeFsIF, + CoFsBr + < 1C6FsIF, (92a)
BF3-MeCN

2CFsl + CGFSBrF4N[[eC3N‘—f>3 Ojczcstle + C¢FsBr (92b)

The slow addition of fluorine across the C=C double bond of
hexafluoropropene with CF3IF, (Eq. (93)) was reported [71]

CF31Fs + CF3CF=CFy — (CF3),CFl + ... (93)

The cation, [(CeF5)2IF2]", is a significant stronger oxidiser and
fluorinating agent than the molecules, CgFsIF; or IFs. Thus,
[(CeFs)2IF2]" affords fluorination of very weak reducing molecules
like (CsFs)3Bi (Eq. (94)). Partially positively charged iodine in CgFsl
was fluorinated, even in the presence of the basic solvent MeCN,
which principally reduces the oxidation potential by coordination
and charge transfer (Eq. (95)) [26]

[(CeFs),IF2][BF4] + (CoFs)sE™ N [(CoFs ), I|[BF4] + (C6Fs);EF,  (94)

where E =P, As, Sb, Bi

[(C6Fs5),1F;][BF4] + C6F51@[(C6F5)21][BF4] + CgFslIF;. (95)

4. Polyvalent perfluoroorganoiodine compounds: applications
and reagents in synthetic chemistry

Because of their electrophilic character, neutral RilX, (n =2, 4)
and cationic [Rg(R')I]" are predestined for the electrophilic transfer
of perfluoroorganyl groups on nucleophiles. Especially the per-
fluoroalkylation of different kinds of nucleophiles was developed
by Yagupol’skii and intensively investigated by Umemoto. Only
few examples of different kinds of nucleophiles demonstrate the
potential of perfluoroalkyl(phenyl)iodonium cations. The favoured
formation of iodobenzene as a nucleofuge is a typical pattern of
these perfluoroalkylation reactions (Egs. (96)-(101)) [115-119]

[C6F13 (C5H5)I][BF4] + Me,S 7@>51[C5F13SM82] [BF4] [] 1 5] (96)

[CsF13(CeHs)I)[BF4] + 1,2-(R0),CsH,4 CLL 4-CoFi3-1,2
—L6ll5

~(RO),CeHs [116] (97)

[C6F13(CeHs)I][BFy]
+ (MesN)sP_— [CaF13P(NMey)s] BF4] [115] (98)

[CF3CH, (CsH5)IJ[N(S(0),CF3),
+ N-base ol CF3CH,-N-alkylation [117] (99)

—CgHs

where N-base = imidazole and pyridine derivatives

[C3F7(C5H5)[]X + Me3SnR ﬁ IC3F7R + CgHsl
—L6lls5

+ Me3SnX[118] (100)
where R = Ph, CH=CHPh, C=CPh
[CnF2n.1(CeH5)[OTf] + RMgX ot CnFoni1R

+ Mg(X, OTf), [119] (101)

An interesting example of polyfluoroalkylation is the trifluoro-
ethyl-S-alkylation of cysteine in water [120] (Eq. (102)) reported
by DesMarteau et al.

[CF3CH, (CHs)I[N(S(0),CF3), ]

+ HS-CH, CH(NH,)C0,H ™28 CF; CH,S-CH, CH(NH, )CO,H
(102)

Recently, Togni et al. showed that 1-trifluoromethyl-1,3-dihydro-
1,2-benziodoxoles [121], which can formally be regarded as
internal perfluoroalkyl(aryl)iodonium salts, possess a remarkable
potential as a mild electrophilic trifluoromethylation agent for
carbon- and sulphur-centred nucleophiles [122].

Carbon nucleophiles can be coupled with RglF, as demonstrated
in (Eq. (103))

R¢IF; + 2Me;SiC=CPh — Rl + PhC=C—C=CPh + 2Me;SiF[123]
(103)

Gladysz et al. reported the application of long-chain RgI(O-
C(O)CF3), molecules for oxidation reactions on 1,4-hydroquinones
in fluorous phase systems [124]. Rondesvedt described the
application of perfluoroalkyliodine difluorides for the telomerisa-
tion of perfluoroalkyl iodides with tetrafluoroethylene (Eq. (104))
[23,24]

78°C,8.4bar

a CgF13lF; + b C3F71 + cCF,=CF, ™ — F(CFz)n[ (104)

where n = odd from 3 to 19.

Actually, a promising application of polyfluorinated alkyl(ar-
yl)iodonium salts with the weakly nucleophilic [N(S(0),CF3)2]~
anion was developed by Montanari and Kumar [125-127]. During
the solid phase peptide synthesis the electrophilic iodonium cation
acts as an N-capping reagent for deletion products. This procedure
allows an easy separation of the desired peptide from its deletion
products.

5. NMR spectroscopic characteristics of polyvalent
perfluoroorganoiodine and bromine(Ill and V) compounds

13C and in particular '°F NMR spectroscopy are key tools for the
characterisation of polyvalent per- and polyfluoroorganylhalogen
compounds in solution. We present only important NMR spectro-
scopic properties of perfluoroorganylbromine(Ill, V) and perfluoro-
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organyliodine(Ill, V) compounds and their distinctions from their
parent compounds, perfluoroorganyl bromides and iodides. For
convenience, typical >C and 'F NMR spectral data of selected
perfluoroorganyl-bromine(lll, V) and -iodine(Ill, V) derivatives
were compiled in Table 1.

Solutions of RgHalF, in weakly coordinating solvents (CCly,
CClsF, CH,Cl,, PFB, or PFP) are characterised by '°F shift values of
their HalF; triad at —155 to —178 ppm (IF,) and at —45 to —60 ppm
(BrF,). The related HalF, fluorine resonances in RgHalF4 occur
significantly deshielded, located at —5 to —30 ppm (IF,) and at 70—
92 ppm (BrF4; Rg = aryl). In basic solvents (CH3CN, Py, ether, THF)
the HalF, resonances shift by 1-5 ppm to lower frequencies, which
reflects the donor-acceptor interaction of RgHalF,, with the solvent.
The IF4 resonance in RglF4 usually presents a multiplet with 3](IF4,F)
and 4J(IF4,F) couplings depending mainly on the nature of Ry and
varying in magnitude of 2-17 and 15-40Hz, respectively
[10,77,80,129]. The BrF, resonance in CgFsBrF; has a triplet
structure with 4J(BrF,,F>®) = 29 Hz [93]. The '°F signals of IF, and
BrF, in CgF,Hs_,HalF, are reported as unresolved singlets.
Similarly, no J(IF,,F) couplings were detected in the spectra of
perfluoroalkenyliodine difluorides (CF3),CFCF=CFIF, (cis and
trans) [5] and 1-IF,-cyclo-CgF;-1,4 [8]. The spectra of polyfluoro-
alkyliodine difluorides, C,F5,+1(CH3)mIF, (m = 0, 1), display splitted
IF, signals with 3J(IF,,H) = 8-12 Hz and #J(IF,,F) = 5 Hz [18]. Thus,
the 3J(IF,,H) coupling is of the same magnitude as the 3J(IF,,F)
coupling in comparable molecules. The '°F NMR spectrum of
(CF3),IF (complex reaction mixture) is reported as a doublet at
—26.1ppm (2 CF3) and a septet at —131.5ppm (IF) with
3J(FF) = 6 Hz (CH,Cl,, —33 °C) [44]. The IF resonance in isolated
(CeFs)2IF appears significantly more deshielded (~120 ppm) at
—11.7 ppm (CHCl,, 35 °C) and both CgFs groups are chemically
equivalent with resonances at —124.2 (F?>®), —147.6 (F*), and
—158.2 ppm (F3°).

The °F NMR spectra of perfluoroorgano groups Ry bonded to
Br(Illand V) or I(Ill and V) differ from that of their parent compounds
ReBr and Rgl, respectively (Table 1). In the series of perfluoroalk-
yliodine fluorides, C,,F5,,.1CF>IF,,, the increase of m from 0 to 2 and 4
causes a strong shielding of the CFI fluorine atoms. The maximal
effect was found for the trifluoromethyl derivatives, CFsIF,,, with
shieldings [130] of AS(F') —27 (m =2) and —50 ppm (m =4) [129],
respectively. This effect diminishes with elongation of the per-
fluoroalkyl chain (n=1, 2, 3 [6], 6 (Table 1) to AS(F')=—16 ppm
(n=6, m=2) and AS(F')=-22ppm (n=5, m=4). A similar
shielding effect was observed in the spectra of perfluoroalkenylio-
dine fluorides, trans-(CF;),CFCF=CFIF,,: AS(F')=—14 ppm (m=2)
and AS(F') = -20 ppm (m = 4). The ortho-fluorine atoms F> in the
CgFs group which are one bond more separated from the IF,,
substituent in CgFslF,, than F! in the corresponding alkyl or alkenyl
derivatives show smaller low frequency shifts: AS(F*®)= —2 ppm
(m=2) and A§(F?>®)=—10 ppm (m =4). In the series of CgFsBrF,
molecules the effect of m is negligible. Additionally, the para-
fluorine atom in all CgFsHalF,, compounds (Hal=Br, I) are
deshielded by 10-12 ppm with respect to the parent molecule,
C5F5Hal.

The 'F NMR spectra of the halonium salts, [ReR'(Hal)]Y, display
aremarkable dependence on the nature of both the solvent and the
counteranion, Y-, because of the electrophilic character of their
cations. Solutions of their salts in aHF (superacid) are characterised
by “rarely-solvated” cations and solvated (protonated) anions. As
an approximation, halonium salt solutions in aHF can be treated as
such of nearly “naked” di(organyl)halonium cations and a
separated, solvated anion, whereas in good coordinating basic
solvents (MeCN, ether, THF) strongly coordinated halonium
cations are separated from less solvated anions. In weakly
coordinating solvents (PFP, CH,Cl,, CDCls), as far as solubility is
observed, ion pairing is possible. Thus, when superacidic aHF was

Table 1
NMR spectral data of selected perfluoroorganohalogen(lll and V) compounds®
Compound Solvent  &('°F) (ppm) 8(*3C) (ppm) Reference
CgFsBr CD,Cl,  —132.7 (2F, F>°), —~154.9 (1F, F*), —160.9 (2F, F>*) 96.8 (C1), 147.5 (C?5), 140.3 (C>*), 143.1 (C*) [94]
CgFsBIF, CCIsF —133.2 (2F, F?%), —144.0 (1F, F*), —156.8 (2F, F>°), —44.5 (2F, BrF,) 119.4 (C'), 143.8 (C>9), 139.1 (C3®), 146.5 (C*)®  [85]
CgFsBrF, CD,Cl,  —133.3 (2F, F*%), —142.6 (1F, F*), —157.3 (2F, F>), 92.0 (4F, BrF,) 151.9 (C1), 143.3 (C>©), 139.6 (C3°), 146.5 (C*)  [94]
[(C6F5)2Br][BE4] CDsCN  —129.3 (2F, F>°), —139.6 (1F, F*), —155.2 (2F, F*°) 102.6 (C!), 146.1 (C*9), 139.5 (C3°), 147.7 (C*)  [86]
CeFy3l CCIsF —59.6 (2F, F'), —81.4 (3F, F%), —113.6 (2F, F?), —122.1 (2F, F3), 93.6 (C'), 109.5 (C?), 108.5 (C3), 118.4 (C*)* [5]
—123.5 (2F, F4), —127.1 (2F, F°)
CgFy3lF, CH,Cl, —75.6 (2F, F'), —81.2 (3F, F®), —116.9 (2F, F?), —121.6 (2F, F?), [5]
—122.8 (2F, F%), —126.4 (2F, F°), —171.6 (2F, IF,)
CoFy3lFy PFB —82.0 (2F, F'), —81.4 (3F, F%), —119.5 (2F, F?), —121.2 (2F) and [77]
—122.4 (2F) (F* and F*), —126.2 (2F, F®), —27.7 (4F, IF,)
(CF5),CFCF=CFIF, CH,Cl, trans: —75.5 (2CFs), —122.8 (1F, F'), —136.1 (1F, F?), —188.4 (1F, F?), [5]
—165.3 (2F, IF,); cis: —75.1 (2CF3), —102.0 (1F, F'), —131.4 (1F, F?),
—180.8 (1F, F?), —156.7 (2F, IF,)
(CF5),CFCF=CFIF, CH,Cl, trans: —75.5 (2CFs), —129.7 (1F, F'), —145.0 (1F, F?), —187.3 (1F, F?), [77]
—19.7 (4F, IE,); cis: —74.6 (2CF3), —109.3 (1F, F'), —134.9 (1F, F?),
—184.3 (1F, F3), —12.3 (4F, IF,)
CgFsl CDCl5 —120.1 (2F, F?6), —153.1 (1F, F*), —160.3 (2F, F>*) 66.1 (C!), 147.0 (C%°), 136.9 (C>*), 141.4 (C*) [10]
CgFslF, CD,Cl,  —122.1 (2F, F>©), —143.6 (1F, F*), —156.9 (2F, F>°), —158.6 (2F, IF,) 103.7 (C'), 145.4 (C?%), 137.9 (C3®), 1463 (C*)  [10]
CgFslF, CD,Cl,  —130.1 (2F, F*5), —143.3 (1F, F*), —158.3 (2F, F>°), —9.0 (4F, IF,) 132.3 (C), 145.6 (C>©), 138.7 (C3%), 145.4 (C*)  [80]
[(CeF13)I(CeH5)]OTE CDCl; —70.5 (2F, F'), —81.3 (3F, F%), —114.2 (2F, F?), —121.7 (2F, F?), [56]
—123.0 (2F, F%), —126.5 (2F, F°)
[(CF,=CF)I(CeF5)][BFs] CHsCN  —77.2 (1F, F?trans), —95.7 (1F, Fcis), —157.0 (1F, F'), 103.2 (C'), 156.3 (C2), 85.8 (C'), 147.3 (C>9), [21]
—120.5 (2F, F?%), —140.9 (1F, F*), —155.3 (2F, F>°)4 138.5 (C3*), 147.4 (CH) e
[(C6F5)I(CgHs)][BE4] CDsCN  —121.1 (2F, F>°), —142.6 (1F, F*), —155.9 (2F, F*) 87.1 (C"), 147.5 (C*%), 138.8 (C>°), 146.8 (C*)¢  [65]
115.1 (C'), 133.8 (C%©), 137.3 (C3>), 134.8 (C%)
[(C6Fs)21][BE4] CDsCN  —120.4 (2F, F*%), —141.4 (1F, F*), —155.7 (2F, F>*) 88.4 (C), 147.7 (C%9), 138.9 (C3°), 147.5 (C*) [65]
[(C6Fs)21F,][BE4] CDsCN  —125.4 (2F, F>®), —136.4 (1F, F*), —153.7 (2F, F>°), —58.1 (2F, IF) 112.6 (C!), 146.7 (C>9), 139.8 (C3°), 148.6 (C*)  [26]

3 Signals of counteranions were not presented. Numeration of F and C atoms starts from the Hal(Ill and V) position; F' is attached at C'.

> In CD5CN [104].

¢ 13C NMR of C4Fl [128].

4 F and C atoms marked in italics belong to the CgF5 group.
€ In CD3NO,.
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replaced by basic MeCN all signals of the pentafluorophenyl group
of both [(CgF5),Br]|[BF4] and [(CgFs),1][BF4] were shifted to lower
frequencies by 2-5 ppm. A similar shift tendency was observed in
the spectra of the iodonium salts [(CF3C=C)(CgFs)I][BF4] (replace-
ment of aHF by PFP) [18] or [(CgFs),1][OTf] (replacement of CH,Cl,
by H,0 or MeCN) [58]. The influence of the counteranion on '°F
NMR shifts of iodonium salts was well demonstrated by Umemoto
et al. in the series of [(CgF;7)(CgHs)I]Y salts: the '°F resonance of the
a-difluoromethylene group moved from —68 to —74, —78, and
—86 ppm when Y =0S(0),CF; was substituted by 0S(O),0H,
0S(0),CHs3, and Cl, respectively. It is in good agreement with the
order of nucleofugality of Y~ and reflects the decreasing partial
positive charge on iodine with increasing polarisability of the
anion, Y~ [56].

The '3C NMR resonances of the molecules, ReHalF,,, and of the
halonium salts, [R'(Rg)Hal]Y, show significantly deshielding of the
carbon atoms relative to these in the parent compounds, ReHal.
Thus, the §(C') shifts in CF3CH,l and CFsCHLIF, are —5.0 and
46.2 ppm, respectively [18]. The '3C signals of CF5IF,, are located at
79.5 (m=0), 106.7 (m=2), and 131.2 (m=4) ppm (solutions in
MeCN at 21, —20, and —30 °C, respectively) [129]. In the series of
pentafluorophenyl derivatives the deshielding AS(C') is 23 and
55 ppm (Hal=Br), 38 and 66 ppm (Hal=I) for m=2 and 4,
respectively. The deshielding of C*is small (3-5 ppm), and A§(C%9)
and A8(C>?) do not exceed 2 ppm (Table 1). Unfortunately, the '3C
NMR spectra of the majority of other perfluoroorganyliodine
compounds, ReIX;, (Rg = C,Fz,4+1, R’CF = CF, R’"C=C; R” #F), were
not reported.

In iodonium salts, [R(R)IJY, '>C resonances display less
deshielding relative to the related RgIF,, molecules. Thus, the
deshielding A8(C!) in [(CgFs),Hal][BF,] are only 6 (Hal = Br) and 22
(Hal =1) ppm (Table 1). Asymmetric pentafluorophenyliodonium
salts, [CgF5(R)I][BF4], [65] show similar values of A§(C!)=20-
22 ppm, practically independent of the nature of the second ligand
R’ (Table 1). The resonances of C' and C? of perfluoroalkynylio-

donium salts [(ReC=C)(R')I][BF4] (Rg = CF3, (CF53),CF) are located at
20-30 ppm and 92-101 ppm, respectively (cf. §(C')=13.8 and
8(C?)=81.4 ppm in CFsC=CI) [18]. The influence of the substituent
Rr on §(C!) and §(C%) in the alkynyliodonium cation of
[(F3CC=C)(CF5CH,)I][BF4] (8(C)=20 (C=C-I) and 95 (C=C-I)
ppm [18]) is well demonstrated by a comparison with the non-
fluorinated alkynyliodonium salt [(CH3)3CC=C)(CFsCH,)I][OTf]
(8(13C) = —8.3 (C=C-1) and 102.9 (C=C-I) ppm [61]).

6. Structural characteristics of polyvalent
perfluoroorganoiodine(Ill and V) compounds

The molecular structure of polyvalent compounds of iodine and
bromine(Ill and V) can be predicted by means of the VSEPR
concept. Thus, RHalX; molecule have T-shape and RHalX, a square
pyramidal shape, whereas their related cations [RpHal]" and
[RyHalX;]* show a bent and a sawhorse geometry, respectively. For
the two types of molecules and cations examples of crystal
structures are known in case of iodine. In this chapter only trends
observed for prototypes of perfluoroalkyl and perfluoroaryl
derivatives are presented. Structural data for some polyfluoroalk-
yliodine(Ill) compounds are reported by Pennington and co-
workers [131]. Besides molecular parameters we discuss also
intermolecular interactions. With a CF3 group attached to Hal(IIl
and V) only structures of CFsIX, molecules, namely CFsIF, [27],
CF3ICl; [102], CF3I(OMe); [99], CF3I(OC(0O)CF3); [132], CF3I(ONO;),
[133], CF3I(Cl)OMe [99], and CFsIF, [76] are known up to now
(Table 2). More different types are known with a CgFs group
bonded to Hal(Ill and V). Besides the molecules CgFsIF, [10], CgF5sIF4
[80], CsFsI(OC(O)CF5), [134], and CeF5I(OC(0)CgFs), [135] (Table 2)
salts with the cations [(CgFs),I]" [65] and [(CgFs).IF,]" [26,113]
were structurally characterised as well as bromonium salts with
the related [(CgFs),Br]" cation [86] (Table 3). In case of CFsIX,
molecules, CFsIF, shows the shortest average C-I distance and
CFICl, the longest. All CF3I(0Y), molecules (Y = Me, C(O)CFs, NO,)

Table 2
Characteristic structural features of RgIX; and RgIX4 molecules
RelX, (n=2,4) D(I-C) (A) D(I-X) (A) D(I-X") (A) £ (C-I-X) (°) L(C-I-X) (°) L (X-1-X) (°) or Shortest Reference
L(X-1-X") (°) intermolecular
contact (I-X) or
(I-X') (A)
CFslF, 2.174(6) 1.982(2) = 82.71(9) = 165.4(2) 2.950 [27]
CFsICl, 2.229(10) 2457(2)-2.478(2) - 82.9(3)-88.7(3) = 171.62(9) 3.324(3) [102]
CFsI(OMe), 2.190(12) 2.019(11)-2.087(11) - 81.4(5) - 166.7(4) 2.749(9) [99]
CF;1(C1)OMe 2207(7)-2.212(8) 1.969(5)-1.991(5)> 2.578(2)- 89.2(2)-89.3(3) 81.7(2)-82.0(2) 171.0(2) 3.104(2)¢, [99]
2.580(2)¢ 3.235(5)P
CF5I(0,CCFs),  2.209(3) 2.094(2)-2.160(2) 77.42(10)-86.52(10) 163.51(8) 2.913(2) [126]
CF5I(ONO,), 2.212(4) 2.073(3)-2.208(2) - 76.3(1)-89.2(1) = 165.3(1) 3.160(3) [127]
CF5IF, 2.22(1) 1.904(6)-1.925(5) - 80.9(3)-83.6(4) = 87.5(2)-89.5(3) 3.079(6) [76]
CoF5lF 2.068(3)-2.068(3) 1.950(3)-2.032(2) - 83.29(12)-87.39(13) - 170.46(10)-171.59(9) 2.742(2) [10]
CoFsI(CN)F 2.077(3)¢ 2.110(2)¢ 2.112(4)°  80.95(11) 86.27(14) 167.09(12) 2.644(2)8 [100]
C6FsI(0,CCF3),  2.063(6)-2.078(10) 2.128(6)-2.147(6) 80.8(3)-82.2(3) 162.6(3)-163.0(2) 2.918(9) [128]
C6F5I(0,CC6Fs), 2.072(4) 2.107(2)-2.140(2) - 83.27(12)-84.93(12) - 168.19(12) 3.127(3)" [129]
CoFsIF4 2.081(7)-2.088(5) 1.904(3)-1.929(4) - 83.1(2)-84.7(1) = 88.5(2)-90.4(2) 3.220(4) [80]
CF5IOF, 2.095(8)-2.111(8) 1.901(8)-1.990(7)  1.762(6)- 167.4(2)€ 89.0(3)-92.1(3)' 2,855 [107]
1.770(7)}

For comparison: C-I in CgFsl [80] 2.077(4) A.
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Table 3

Characteristic structural features of the iodonium cations [(CgF5),1]* and [(CgFs).IF,]* and of the formaly related molecule CgFsI(CN)F and of the bromonium cation

[(CeFs)2Br]"

[(CeFs)aIF,]* (n=0, 2) D(Hal-C) (A) D(Hal-F) (A) £ (C-Hal-C) (°) £ (C-Hal-F) (°) £ (F-Hal-F) (°) Shortest Reference
contact
cation-
anion (A)
[(CsFs)21][BE4] 2.04(1)*-2.08(1) = 94.9(5) = = 2.766(16)° [65]
[(C6Fs)2IF][BE4]-CHxCl, 2.047(5)-2.081(4)* 1.902(3)-1.923(3) 102.71(19) 84.37(16)-86.83(16) 166.54(13) 2.601(4) [26]
CoFsI(CN)F 2.077(3)*-2.112(4)¢ 2.110(2) 86.27(14) 80.95(11) = 2.644(2)° [100]
[(CsFs)2Br][BE.] 1.894(8)-1.908(8)" - 97.8(3) - - 2.791(8) [86]
¢ Hal=1
" [-FBF;.
€ 1-CgFs.
4 I-CN.
¢ I-F.
f Hal =Br.

have slightly longer C-I distances than CFsIF,. The C-1-X angles
cover a range from 76.3 to 89.2° and their averaged values from
81.4 to 85.8°. The latter is associated with greater chlorine,
whereas in case of fluorine and oxygen ligands the angle is close to
82°. When going from CFslF, to CFsIF; the C-I-F angle does not
change within 30, but the C-I distance becomes longer. This
elongation may be attributed to the weakening of the C-I bond
caused by the increase of partial positive charge on I(V) in
combination with the partial positive charge on carbon.

In case of CgFsI(Ill and V) compounds the influence of the
oxidation state of iodine, of the nature of the compound (neutral
molecule or cation in a salt) on the structural parameters can be
shown. Thus, the averaged C-I distance increases from CgFsIF,
(2.068(3) A) via CeFsl (2.077(4) A) to CeFsIF, (2.085(7)A) and is
independent from the oxidation state of iodine for [(CgFs).I]"
(2.06(1)A) and [(CeFs)-IF>]* (2.064(5)A) (both as [BF4]  salts)
(Table 3). The averaged I-F distance becomes shorter from CgFsIF,
(1.991(3) A) to CgFsIF, (1.917(4) A) and neglectable shorter when
going to the I(V) cation [(CgFs)2IF>]" (1.913 (3) A). In [(CgFs)2IF2]*
the C-1-C angle is greater by 7.8° in comparison with [(CgFs),1]".
The F-I-F angle in [(CgFs)-IF;][BF4] is 4.5° smaller than that in
neutral CgFsIF,.

A characteristic feature of all above mentioned perfluoroorga-
noiodine(Ill and V) compounds are intermolecular contacts which
are caused by the significant partial positive charge on iodine.
These contacts with nucleophilic sites are strong in RglF, molecules
(n=2,4)and in iodonium salts. So far the shortest I- -F contact of
2.601(4) A was observed in [(CgFs)2IF>][BF4]-CH,Cl, (sum of van
der Waals radii I-F = 3.45 A [136]). Some authors e.g. Ochiai [137]
describe iodonium(lIl) salts, [RR'I]Y, as A3-iodanes even with I- -Y
contacts of approximately 3.0 = 0.2 A and explain their view by the
T-shape environment of iodine. From their physical and chemical
properties iodonium salts are no molecules. Their electrophilic
cations have an octet and their contacts to anions correlate with the
electrophilicity of the cation and the nucleophilicity of the anion.
Thus, in perfluoroorganoiodonium salts these electrostatic contacts
are most distinct. An interesting compound relating to the present
topic is CgFsI(CN)F [100], which can be described by three Lewis
formula: [CgFs(CN)IJF (a), [CeFs(F)IJ[CN] (b), and CgFsI(CN)F (c).
Formula a and b express the iodonium character and c the T-shape
molecule, where CN acts as a pseudo-halogen. Here the structural
parameters support formula c (Table 2).

7. Summary
This review has shown relations between perfluoroorgano-

iodine and -bromine compounds and their parent molecules HalF,
(x=3 and 5). RgHalF, and RgHalF, are intensively investigated

derivatives which are preferentially used for transformations in
the Hal-F moiety. Neutral RgHalF, and RgHalF, molecules (Hal =1,
Br) can principally be obtained on nucleophilic routes from the
halogen fluorides and suitable Rg-transfer reagents. The majority of
ReIF, and RgIF, were prepared by oxidative addition of fluorine. The
oxidative addition can be extended to ROOR and restricted to Cls.
CIX reagents (X =F, ORg, ONO,, 0S(0O,)F, OCl, OCIO3, and OTeFs)
allow the synthesis of a wide variety of RgIX; compounds. RelF, and
RrI(OC(O)Rg), are suitable starting materials to introduce pre-
ferentially carbon and oxygen nucleophiles into the iodine(III)
moiety. Applications mainly use the fluorination property of RelF,
or the oxidation property of RglX,. lodonium and bromonium(III)
salts [Rg(R)Hal]Y were prepared under acidic conditions. Their
electrophilic cations allow the formal transfer of Rg cations to
nucleophiles. In case of [(Rg),IF;]Y the excellent fluorination
potential is worth to mention.

Besides the reported material the review reveals “white spots”
of fundamental research like the preparation of perfluoroorgano-
iodine(VII) or -chlorine(Ill and V) compounds. Furthermore, it
shows that in contrast to polyvalent non-fluorinated iodine
compounds the perfluorinated analogues are less wide-spread
investigated (a) as reagents in fluoroorganic chemistry and (b) with
application purposes.
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