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The topic of ligand exchange and reaction mechanisms of fluorinated compounds is reviewed, with em-
phasis on the main group fluorides. Mechanisms are divided into a seties of clementary steps of bond formation
and bond dissociation, using the coordination mode) of reaction mechanisms as §n organizing principle.
Incladed in this review is an analysis of the stereochemical behavior of pentacoordi molecules, as well as
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a discussion of the role of impurities, anionic, cationic, free radical and fluorine-bridged intermediates, and
fluoride-indiced reactions.

NOTATION

™8P trigonal bipyramid

RP rectangular pyramid

PFP perfluoropinacolyl ligand

ax axial substituents

eq equatorial substituents

E-D stable bond at ~25°C between main group element E and atom D

E-D weak bond between clement E and D which is cleaved rapidly at
~25°C

*CormaNen) abbreviated as +C; inecreases the coordination number of elements
MandNby 1, frommtom+ landnton+1

~Crgimnen abbreviated as —C; decreases the coordination numbers by 1, from
m+ltomandn+1ton

+C abbreviated as +C¢; increases the coordination numbers by 1, via
a cyclic n-center step

—Cle abbreviated as —C°; decreases the coordination numbers by 1, via
a cyclic n-center step

N-E-L valence electron count and coordination number of element E; for

example, silicon in SiF, can be designated as 8-8i-4 [6] or, aiter-
natively, as A4¢4-8i {7], SiV(4) or Si¥(4), and the reaction of SiF,
with bipyridine changes silicon from 8-Si-4 to 10-Si-5 and to 12-
Si-6,

A, INTRODUCTION

A reaction mechanism atternpts to identify, with greater or lesser success, those in-
termediates and pathways that transform a reactant into a product. Mechanisms can be
divided into a series of elementary steps, and these steps can be further subdivided, con-
ceptually at least, into discrete changes in coordination number and electron count of in-
dividual atoms.

Studies of fluorinated compounds of the main group elements have provided very
detailed information about the identity of highly reactive species that are involved in these
elementary steps, and 1°F NMR has been particularly useful in monitoring the connectiv-
ity of chemical bonds in static and dynamic situations. Recent applications of NMR to
dynamic systems are described in review articles and texts [11.

This review is erganized around the elementary steps of bond formation and bond
dissociation, and a multistep reaction path then consists, presumably, of a thermodynami-
cally allowed sequence of these elementary steps. The notation of the coordination model
of reaction mechanisms [2] is used as an organizing principle in headings and equations,
In this model, elementary steps are described in terms of four coordination number opera-
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tors, +C, —C, +C¢, —C¢, where +C and —C refer to intermolecular steps, and +C¢ and ~C¢
refer to cyclic intramolecular steps, with the positive and negative signs indicating an in-
crease or decrease in coordination number as bonds are made or broken. The connectivity
of atoms in multistep pathways is represented in graphical form as pathway P(X,C), where
the vertex set X consists of reactants, intermediates and products, and the edge set C con-
sists of the coordination number operators, +C, ~C, +C¢, —C¢, as illustrated by the reaction
of silicon tetrafluoride with bipyridine to give a hexacoordinate adduct, SiF,(bpy).

(1)

Since the formation of SiFy(bpy) involves four species and two steps, a graph of 4
vertices and 2 edges is drawn, namely, pathway P(4,2). The first step in the forward di-
rection is an intermolecular (bimolecular) step in which the coordination numbers of both
Si and N are increased by 1, from Si(4) to Si(5), and N(2) to N(3), i.e. +Cgyayn), and the
second step is a cyclic intramolecular step, +CLane, . Reverse steps are drawn below the
edges of the graph, and dashed and solid lines refer to intermolecular and intramolecular

steps, respectively.

Pathway P{4,2)
1
®
b
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The coordination model has recently been tested mathematically [3] by carrying out
kinetic simulations of pathways P(X,() and comparing the results with extensive experi-
mental data that are available for the reactions of boron trifluoride with Lewis bases {4].
The model accounts satisfacterily for the following experimental details, at least in a
semi-quantitative manner: the formation of base:BF; is a bimolecular process with rate
constants in the range 10® to 10'° M~' s7%; rates of reaction of base:BF, are inversely pro-
portional io the gas phase enthalpies of dissociation; equilibrium data for BFy-base sys-
tems; two modes of sxchange in BX;-base systemns involving both halegen and base ex-
change; the boron cation {amine),BF,* is an etusive species although, once formed, it is
stable even in water; the formation of mixed base adducts such as (Me,N)(pyridine)BF,*
depends on the order of addition of base; and the formation of chelated boron cations,
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{(N-N)BF,", occurs in some cases, but not in others where only acyclic products,
F;B:N-N:BF;, are formed.

This model allows chemical reactions to be analyzed in a systematic manmner by,
firstly, constructing a pathway P(Y,C) which defines each elementary step and specifies
the connectivity of all atoms along that pathway, secondly, applying molecular orbital
calculations to the postulated intermediates of the pathway and, thirdly, carrying out ki-
netic simulations of alf proposed pathways P{X,C) [3].

As an illustration of this approach, the reaction of pyridine and boron trifluoride can
be described by the sequence of steps outlined in eqns. (2)(5). Simple adduct formation
of py:BF; is described by eqn. (2), while exchange of fluorine ligands and formation of
ionic intermediates is described by eqns. (3),(4). If another base is added to this system,
then rapid exchange of base is described by eqns. (3)-(5), and slower exchange of base by
eqn. (2),

py + BF; = py:BF; 2)
py:BF; + BF; = py:BF,--F--BF, (3
py:BF,--F--BF; = py:BF,* + BF~ @
py + py:BF," = py,BF;" (5)

The mechanism of eqns. (2)(5) consists of nine species and four steps and its
graphical representation is pathway P(9,4).

Palfrway (9,4)
BF, BF, BF,  py
L . 2 *
~ A Y
*Comme s *Comren Camrin.” s HCemne
- i ~
Mo Sl - - e
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oy py:BF, PY.BF~F--BF; pyBF* py:BF,*

For the kinetic simulation of pathway P(9,4), elementary rate constants must be as-
sociated with the four coordination number operators. intermolecular steps, +C, are as-
signed rate constants equal to the diffusion-controlled value of about 10° M~! s-!, while
rate constants associated with bond cleavage, —C, are estimated from bond enthalpy data;
however, experimental bond enthalpies are not available for the fluorine-bridged inter-
mediate, py:BF,—~F--BF;, and ab initio molecular orbital calculations are therefore helpful
in estimating the relative bond length/strength of the two bridging bonrds. Once rate eon-
stants have been assigned to all Cs, then the kinetic simulation of pathway P(9,4) is a
straightforward task and gives the concentration versus time curves on which further
analysis and prediction is based.
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The assumption that intermolecular (bimolecular) steps, +C, are diffusion con-
trolled with rate constants of about 10 M~! 5! places severe restrictions on any mecha-
nism; however, the dilemma of slow reactions is resolved by taking into account the pres-
ence or absence of reactive intermediates. If these intermediates are present in exceed-
ingly small amounts, then the importance of impurities and catalysts is greatly magnified.
If all essential intermediates are readily available in multistep equilibria, as in catalytic or
enzymatic systems, then chemical reactions are expected to display their intrinsically
rapid rates.

All atoms of reactants and solvent can interact to form numerous bonds of varying
strength, but 2 minimum set of coordination numbers formally limits the selection of co-
cordination numbers for each system. For the pyridine-BF; system, this minimum set is
B(3) B(4) N(2) N(3) F(1) F(2), and for the bipyridine-SiF, system, the minimum set is
Si(4) Si(5) Si(6) N(2) N(3). Some interactions can be neglected because their influence
on the formation of preducts is of minor consequence, but in other systems, even the
weakest interaction is important, as in the low temperature (-258°C) formation of adducts
CH,4—FF or CH,F--HF [5); for the latter systems, the minimum set of coordination num-
bers is F{1) F(2) H(1) H(2).

In this article, stow, fast, rigid, non-rigid or fluxicnal refer exclusively to the NMR
time-scale, as judged by line-broadening effects. The other units of time that are relevant
here are those of diffusion and cyclic n-center steps, but these are often too rapid for di-
rect NMR study. In the majority of examples discussed in this review, bond cleavage
accurs under mild thermal conditions, at either ambient or lower temperature, and an
attempt is made to highlight those bonds, E--D, that are sufficiently weak to be cleaved
spontaneously at 25°C or less, and we assign, somewhat arbitrarily, a bond strength of
E--D < 100 kKJ mol™! and E~-D > 100 kJ mol-1.

Short-lived complexes may be designated in various ways: van’t Hoff, van der
Waais, collision, encounter, charge transfer, or donor-acceptor, but all will collectively be
referred to as intermediates, with increased coordination number between two atoms
being their defining property, and with a lifetime exceeding that of several vibrations, i.e.
>10-1 5. In some cases, lowering the temperature or trapping the reactive intermediate in
a rigid medium permits identification, but in other situations, such as a diffusion-con-
trolled step followed by a rapid intramolecular n-center step, the lifetime of the intermedi-
ate may be exceedingly short and identification by conventional techniques would not be
feasible. In such cases, the designation of intermediate is used in a formal sense to assist
in the ciassification of elementary steps of a reaction pathway.

B. IMPURITIES AND CATALYSTS

A century ago, Baker emphasized the influence of moisture on chemical change,
thereby initiating the controversy about “intensively dried” liquids {8}, and BEuler
launched the view that catalytic effect is always due to an increase in the concentration of
reacting ions [9]. The classical experiments of Bodenstein on the decomposition of hy-
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drogen jodide were, according to Taylor, influenced by the glass surfece and slight traces
of oxygen [19], and Lowry defined arrests in reactions as the period of time during which
a pure material is taking up the impurities that are needed to promote the change [11]. In
1926, Moureu and Dufraisse wrote that the discovery of traces of impurities and the study
of their influences will give us a true understanding of a muititude of chemical phenom-
ena, if not to chemical reaction itself, but on the topic of catalysis they also passed along
some advice: On such a delicate subject one always risks saying too much, however little
one says [12].

(i} Water, alcohols, hydrogen fluoride and borosificate glass

Most main group fluorides are susceptibie to the effects of water, alcohols, hydro-
gen halides and glass surfaces, as emphasized continually in the literature of fluorine
chemistry, e.g. [13], and early studies of fluorine exchange found that impurities grossly
perturb the 1F NMR spectra. Painstaking purification was often needed to obtain com-
pounds of sufficient purity for NMR investigation, e.g. [14,15], but, conversely, NMR
spectra are therefore among the most sensitive indicators of the presence or absence of
impurities that may catalyze or inhibit chemical reactions.

If a particular impurity is suspected, adding more of it whilte monitoring the system
by NMR is a convenient way to proceed, as illustrated by a study of methyltetrafluorosili-
cate which showed progressively increasing rates of fluorine exchange as H,(O, HF and
MeSiF, was added because rapid exchange occurred via a fluorine-bridged intermediate,
and the role of H,O, HF and MeSiF; was to increase the concentration of the bridged in-
termediate [16,17]; a roundabout way of detecting impurities, but once identified they are
relatively easy to neutralize or eliminate.

MeSiF, MaSiF . MeSiF,
HO v HF - MeSIF,  ©* MoF,Si~F--SiF,Me ()
MoSIF,OH FHF MoSIF,

The H,0-HF-glass system introduces a variety of catalytic species, including boren-
and silicon-containing Lewis acids which are essential for the cleavage of element-fiuo-
rine bonds via fluorine-bridged intermediates.

HF F F SFy SF,
50, T gF, ™ oFy ¥ gF? ™ FsLFSF> ¥ OSFET. S T e
H,0 F F SiFg SIF,

N

Some reactions, such as those of xenon difluoride with organotellurium(IV) com-
pounds, do not proceed in Teflon apparatus unless a glass surface is exposed [18]. Other
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reactions of xenon difluoride are carried out with added Lewis acids or in the presence of
HF, or BF3:0Et, in glassware {19). Fluorination of scme compounds is accompanied by
decomposition if carried out in glass, e.g. CH;SFs to CH,S(O)F [20,21]. Methyl-
diflucroiodine reacts slowly with giass [22] and xenon difluoride is umstable when stored
in acetonitrile in a glass container [23], but exceedingly rapid hydrolysis reactions can be
moderated by using SiO;, combined with a trace of HF, as a source of water [24]. Borates
and silicates are invariably present in HyO-HX-glass or ROH-HX-glass systems {25], and
strong Lewis acid catalysts are therefore always potentialiy available in these systems. As
a result, some reactions of organic and inorganic halides, aithough formally classified as
Sp1 processes, may be catalyzed by HyO-HX-glass or ROH-HX-glass systems [26}. On
occasion, compounds can be prepared with glass as the only source of boron or silicon, as
illustrated by the reaction of Pyrex glass with nitrosyl fluoride to give NOBF, and
(NO),SiF; [27], or the reaction of catechol with silica or quartz under basic conditions to
give the silicate Si{0,CgHy):~ [28]. The photochemical synthesis of xenon diflueride from
xenon and fluorine in a Pyrex reactor is accelerated by the addition of small amounts of
hydrogen flucride [29], and a discussion of the effect of glass and metal apparatus is
included in a historical account of the discovery of xenon fluorides [30].

Ligand exchange processes complicate the detection of small amounts of glass-pro-
duced boron and silicon fluorides, but identification of BF{ by 1°F NMR is aided by the
characteristic 1'BF,/'9BF,~ pattern. The A,B, and A,BC "F NMR spectra of rigid ad-
ducts of SiF, and bipyridine, phenanthroline or 4-fluorobipyridine allow identification of
small amounts of SiF, [26]. For the analytical detection of trace amounts of fluoride, ion
chromatography and the Alizarin Fluorine Blue-lanthanum procedure have been recom-
mended, the latter technique yielding 2 detection limit of 40 ng 1! (0.025 ppb) [31]. From
conductivity measurements of hydrogen fluoride, water concentrations down to
1.85 x 10-¢ mol dm™3 {0.033 ppm) have been measured, and the effect of acid and Si0,
impurities on the conductivity of HF has been studied [32].

Purified tetrapropylammeonium fluoride can be made by the HF-neutralization of
"Pr,NOH, as monitored with a pH meter, and its purity checked indirectly by the I°F
NMR spectram of MeSiF,~, which is a sensitive indicator of the presence of traces of HF
or HyO [16). Purified tetramethylammonium fluoride has been used in the preparation of
fluoroanions such as XeFs~ [33], CIFg {34], TeFg> and IFg [35]; slow reactions of
Me NF with organic solvents do occur, including proton abstraction from acetonitrile and
halogen exchange with chloroform and, to a lesser exteni, dichloromethane [36].
Convenient sources of fluoride ion also include anhydrous spray-dried KF {37] and KF
selubilized by 18-crown-6 [38].

Besides rigorous purification, other strategies can be used to slow down impurity-
catalyzed fluorine exchange. Trace amounts of water or hydrogen fluoride can be con-
verted in situ to less detrimental species by adding smail amounts of silicon-nitrogen
compounds [39] or triphenylphosphine imines [40,41]; hydrogen fluoride and hydrogen
chioride may also be complexed with base, e.g. DMSO:HCI {42], Ph,PO-—HF [43], FHF-
or Et;N(HF),,. Slight changes in experimental procedure can sometimes moderate the ef-
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fect of impurities, as illustrated by the addition of a small quantity of PhPF, to the
PhPF;H-PhPF,H- system, which ensures that any water and HF is converted to
PhP(O)HF and PhPF;H [44]. Adding a slight excess of flucride ion slows down exchange
in PhSiFs2- by ensuring the absence of PhSiF, and PhSiF, [45], similarly, excess fluoride
ion stops exchange in XeFs [33] and (CF.),GeF42- [46], and exchange in the
SiFs~SiF¢2~ system is stopped by adding 2 large excess of ammonia because all SiFs is
thereby converted to the hexacoordinate adduct SiFg(NH;)- [17]. Careful adjustment of
stoichiometry can also stop fluorine exchange by preventing the formation of fluorine-
bridged intermediates. In a study of impurity-catalyzed silyl exchange in N-trialkyl-
silylimidazole, it was found that several procedures can slow down silyl exchange,
namely, purification of reactants and solvent, addition of excess triethylamine to hinder
the coordination of water or imidazoie at silicon, or introduction of a bulky t-butyl sub-
stituent at silicon to prevent the attainment of higher coordinate siticon intermediates
[47,48]. Although the H;O-HF-glass system complicates mechanistic and synthetic stud-
ies, numerous ways of eliminating impurities and avoiding or chemically treating glass-
ware are described in the individual papers listed in the reference section and experimen-
tal details may be found there.

Fluoride ion binds strongly to HF, and the NMR spectrum of FHF- shows retention
of hydrogen—fluorine coupling in purified samples but rapid exchange and bond cleavage
as HF is added [49,50], and this behavior is in agreement with bond length data which
show significant lengthening {21%) of the hydrogen—fluorine bond as F-H-F- is con-
verted to F-H--F--H-F,

’F\ 1 /O\ ']_
— —_— -139 51
FH—F T T R T EYCS T
/ — 93-94 = 96 kT [55 ~
Liapmissy ¥ N pm \p U 39553 (53]
163 kI [56]

Fluoride ion binds to alcohols, and the gas-phase cleavage of alcohol adducts,
ROH--F-and RO—-HF-, has been studied by ICR techniques [57]. Fiuoride ion binds rela-
tively weakly to water (96 kJ), as compared to hydrogen fleoride (163 ki}, and this differ-
ence can explain the fact that aqueous solutions of alkali fluorides are suitable for the
preparation of organofiuorosilicates,

CH,SiF;, +2KF —485 K,[CH,SiF] (8)

whereas decomposition into fluorosilane and biflueride occurs in the presence of hydro-
gen fluoride [58].

{NH,;):[CH,8iFs] + 2HF — CH;SiF; + 2NH,HF; {9



A.F. Janzen / Coord. Chem. Rev. 130 (1994) 355-426 363

Aqueous potassium flucride has been used for the preparation of K,[CF3GeFs) [59]
and it appears that water is less detrimental than hydrogen fluoride fowards fluoride ion.
Numerous other fluorinated compounds, however, hydrolyze rapidly in the presence of
(H,0),F, and hydrolysis is favored by the high bond strength of -0 and E=0 bonds.

(i) Mechanistic uncertainty

The continual problem of identifying and eliminating trace amounts of impurities,
combined with the elusive nature of reactive ions and radicals and the lack of information
about interconversions among these species guarantees that mechanistic uncertainty will
remain. We have therefore adopted an empirical approach in this review and selected
many examples from the recent literature so that even if the interpretations vary with time,
the work discussed will be useful in further study of chemical reactivity.

Coordination number and electron count may be used as discrete variables for
mechanistic analysis [2], but these terms are not without their subjective character, for in-
stance, the fluoride ion has a coordination number of 1, 2, 3 or 4 in BF,, ShyFy,,,
(XeQF ),F~ [60] and (macrocyclic ether)F- [61], respectively, and higher in the solid state
[62), but it cannot aiways be decided which distant atom remains within a coordination
sphere or which coordination numbers are relevant in solution. Comparable reservations
apply, of course, fo the use of electron count in mechanistic analysis.

Despite these uncertainties and the difficulty of identifying intermediates in solu-
tion, valuable mechanistic insight may be obtained from several sources: from a system-
atic study of closely related crystal structures [63-65], or from empirical bond
length/bond strength relationships {66,67], and from analogous reactions carried out in
the gas phase [68].

Molecular orbital calculations show good to excellent agreement between experi-
mental and calculated geometries of stable main group fluorides {69], as illustrated in
Table 1. These calculations accurately predict the site preference of fluorine versus other
substituents in trigonal bipyramidal phosphoranes, arsoranes or silicates, e.g. [81,92-94],
Experimental trends are reproduced, such as a decrease in Si-F and Si-H bond lengths
with increasing fluorine substitution in silanes [73], or 2 small cis influence on the equa-
torial fluorines in SF;Br [95]. The calculation of the structure and bond energies of fluor-
inated intermediates, taking into account their coordination number and electron count, is
important for the analysis of reaction mechanisms [3].

C. BOND FORMATION, +C AND +C*
{i} Five- to six-coordination, +C

(a) Trigonal bipyramidal pentaffuorides, EF s
Trigonal bipyramidal molecules are among the most sensitive indicators of bond
formation because of the change in symmetry and NMR spin pattern that accompanies
the formation of six-coordinate adduets or intermediates, Numerous six-coordinate ad-
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TABLE 1
Comparison of calculated and experimental E-F bond lengths of element fluorides (pm)

Experimental Ref. Caiculated Ref.
SiF, 155.98 [76) 155.93 i71]
SiH,F, 157.7 [72) 158.3 [73]
NF * 130 [74] 132, 134 [74,75]
PF; (gas) 157.7 ax {76] 157.50 [71)
1534 ¢q 153.74
PFs (solid) 158.0 ax (77}
1522 eg
PH,F; 161.8 ax 78] I61.1 [791
153.9eq 155.3
PF4Cl 158.1 ax [80] 157.6 {811
153.5eq 153.9
CF3SF; 167.9 ax [82] 168.4 [82]
159.6 ¢gq 160.0
SFe 156.1, 156.39, 155.61 {83] 156.09 [7t]
ik, 178.6 ax 84} 177.05 [B5]
185.8 eq 183.33
CeFsl-F-ICsFs~  245,5-250.9 bridge {86}
CF3i-F-ICFy~ 234.7 bridge [86]
XeF, 197.7 [(87) 198.4 [88]
XeF* 187.3 [89] 188.6 881
F{H;O)y™ ~265(O-F} [50] 262 (0-F) §91]

ducts are stable indefinitely at ambient or higher temperature, e.g. FsP-PMe,, FsP-NMe,,
AsFs—NCCH;, AIFs~OH,?, etc. [96], and adducts with somewhat weaker E--D bonds can
be identified by NMR at lower temperature, e.g. FsP--OEt, at —65°C, F;8i--NH;™ at
—89°C [97], and F;As--PF; at —136°C [98]. For exceedingly weak E--D bonds, however,
the temperature range normally available in NMR spectrometers may not be sufficient
to slow down exchange; in that case, bond formation is detected only indirectly by the
appearance of averaged peaks resulting from rapid exchange of axiai and equatorial
ligands, as demonstrated for TBP pentafluorides such as PF; and SiFs, as well as TBP
Fe(CO)s.

Stereochemical non-rigidity is a common feature of pentacoerdination
[99,1006-102] and energy barriers for axial-equatorial ligand exchange, as measured by
NMR, extend over a wide range, ca. 15-125 kJ moi-t. The energy barriers for some typi-
cal phosphorus and sulfur compounds are listed in Table 2, and more extensive compila-
tions are available {101,102].

Among the mechanistic features that appear to be responsible for axial-equatorial
ligand exchange are the following: (a) bond formaticn and a rapid equilibrium between
five- and six-coordinate geometries; (b) formation of fluorine-bridged intermediates; {c)
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stereochemistry and symmetry properties of six-coordinate intermediates; (d} site prefer-
ence of ligands and flexibility of five-coordinate species; {e) effect of four-, five- and six-
membered rings; (f) rapid and reversible intramolecular coordination (chelation); (g) ro-
tation about single or double bonds; and (h) inversion at nitrogen or suifur atoms. While it
is not expected that these dynamic effects can be easily separated, some effects will not be
observabie in ceriain systems, because of symmetry or energy considerations, while other
systerms may have only one or another dominant pathway of axial-equatorial ligand ex-
change.

Phosphorus pentafluoride has a trigonal bipyramidal structure of D, symmetry in
the gas phase [76] and as a solid at —164°C {77]. According to VSEPR arguments, a
square pyramidal C,, structure is of higher energy because of the greater repuisions
among the bonded electron pairs [115]. A model is available for estimating the relative
stability of TBP and RP isomers of phosphoranes [116], and the energy difference be-
tween D, and Cy, structures of PF; is calculated to be 16 + 2 ki mol~! [117], compared to
experimental values of 11.9-16.4 kJ mol? [118] and an estimate of <21 k¥ mol! from
NMR [183]. If it is assumed that PF; exchanges its axial and equatorial flnorines by spe-
cific bond formation according to eqn. (10), then the P--D bond strength must exceed a
value of about 12-21 kJ mol!. The symbol D represents any donor atom of reactant or
solvent or intermediate that participates in adduct formation.

TABLE 2

Bagriers for axial-equatorial fluorine exchange in TBP phosphorus and sulfur compounds

Compound Energy barrier Ref
AG¢293 (kI mol“)

PF; <21 [103)
CIPF, 18 (96 K) [104]
Cl,PF; 39 [105]
Me,PF; 74.5 [106]
Ph,PF; 78.2 §106]
CF5(Me)PF; 36.8 {107
H,PF; 427 (218K) [108)
CE5(H)PF; 26.4 (133K) {108]
Ph(H)PF; 55.6 (447
0-CF5CgH(H)PF, 52.9 [109]
m-CF3CgH (H)PF; 53.6 (109}
M'-CH3C6H¢(!'I)PF3 56.6 [ 1 09]
Me,NPF, 37-39 (104,110,111]
i-Pr,NPF, 3} (112}
(Me,N),PF, 820 (343 K) {106)
{Me;N},P(CF3)s 632 iy
CF4(MeS)PF3 536 {113)

CH,=SF, >105 [114]
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Temperatures as low as —197°C have failed to slow down exchange in PF; [99] and,
in the absence of further experimental evidence, the permutation of axial and equatorial
ligands can be viewed from two perspectives depending on whether interactions with the
environment are omitted or specifically considered. Both views have been discussed in
the literature, the former as Berry pseudorotation [101,119], or turnstile rotation [120],
and the latter as collisional processes [121,122], donor-acceptor or solvent adducts
[97,123,124] or fluorine-bridged species {17,125,126]. Definitive evidence for donor-ac-
ceptor adducts and rapid equilibration of five- and six-coordinate geometries, and of ac-
companying axial-equatorial fluorine exchange in PF; and SiFs~, is based on variable tem-
perature '°F NMR studies [97]. Fluorine-bridged adducts can be identified by NMR at
low temperature, e.g. FsAs—-FCH; at —165°C or F;8b—-FCH; at —60°C [127], however,
adducts of PF, or BF; with CH;F cannot be detected, but that is in keeping with the order
of acid strength of the main group fluorides: PF; < BF; < AsFs < SbF; [128,129).

For seme purposes, a mechanistic distinction may not be significant, as long as the
permutational character and symmetry properties of the exchange process are identical,
but this distinction is important in synthesis and reaction mechanisms because the forma-
tion of a specific bond, even an exceedingly weak bond, may be a critical step of a mult-
istep transformation. Furthermore, each step must be evaluated if the connectivity of at-
oms along a reaction pathway is of interest [2].

The formation of a fluorine-bridged intermediate necessarily permutes axial and
equatorial fluorines. Strong Lewis acids form stable fluorine-bridged compounds, e.g.
tetrameric SbyFy, [130] or chain-like BiF; [131],

FA e
P +Ceigrm F.f‘B &Y _:Fe EFs
» FB'*--E".‘ < Fﬁf;ﬂFLF_FD =  ofc. an
¥ Ly F | Fe
FA Fe

however, there is no direct evidence of fluorine bridging in the case of weaker Lewis ac-
ids, and the solid state structures of PE; at —164°C {77} and of AsF; at —-89°C show TBP
geometry {132].
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There is considerable variation in the properties of donor-acceptor adducts of phos-
phorus pentafinoride. From vapor pressure measurements, the heat of dissociation of the
dimethy] ether adduct Me,O-PF; is 106 kJ moi, and this adduct is 94% dissociated into
its gaseous components at 20°C [133], but the propyl ether adduct FP--OPr, has a sig-
nificantly reduced enthalpy of formation of 45.2 kj moi! {134]. A variable-temperature
NMR study of the interaction of PF; with diethyl ether gives a reaction enthalpy of about
51 ki mol? [97),

+Coso)

oo+ O T ot (12)
Crmo)

but NMR studies are complicated by decomposition, which can be observed above —65°C
in the F;P--OEt, adduct. This decomposition is presumably caused by abstraction of
fluoride ion by PF;s to generate PF4, as well as the reactive cation Et,;O-PF,*; in the case
of the Me,O—PF; adduct, decomposition eventually leads to Me;O'PF¢ and F;PO [135].
Adduct formation is known to weaken the P-F bond, as illustrated by an average 2.2%
bond lengthening as PF; (153.4-157.7 pm) [76] is converted to FsP-NH,; (158.1-
160.0 pm) [136].

If the permutation of axial and equatorial ligands in D, melecules is related to ad-
duct formation and molecular association, it cannot be restricted to main group fluorides
but should appear as a general property of fivecoordinate molecules and, indeed, flux-
ional behavior has been demonstrated in many other TBP molecules, e.g. (p-MeCH,)sP
is fluxional at —60°C [137], Ph;Sn~ and MeSn~ at —80°C [138], Me;As at —95°C [139],
Me,Sb at -100°C {140] and (p-MeC4H,)sSb at -135°C {141].

For the related TBP molecule Fe(CO)s, where axial-equatorial exchange is still
rapid in solution at —-170°C {142}, intermolecular effects have been greatly reduced by re-
cording the 1*C NMR spectrum in the solid state, in that way separating axial and equato-
rial carbony! signals at —38°C [143]. The difference in rates of exchange in solution, as
compared to the solid state, has been estimated as 1.1 x 10¥ s at —20°C in solution
[144) and 100 s~ at -38°C {143] in the solid state,

(b} Mono-substituted trigonal bipyramidal fluorides, REF,

Compounds of the formula REF, can interact with donor atoms to give cis and #rans
intermediates, but only the frans isomer (C,,), with its four equivalent E-F bonds, neces-
sarily leads to axial-equatorial fluorine exchange. The cis isomer, although favored statis-
tically (4:1), is not expected to permute FA and F® fluorines in REF4 because the simplest
mode of formation of the cis isomer, involving attack of D on an adjacent face or edge of
REF,, followed by loss of D by the same route, does not permute the FA and FP
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substituents. Any other trajectory would, presumably, require more extensive structural
displacement of ligands during ¢he formation of cis-D:REF, and have a higher energy
barrier.

FA F8
M L *Cesom) | B
/ —f + D = % R
(13)
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One of the reasons that equatorial sites may be favored as sites of entry and depar-
ture of D is the decreased resistance to equatorial bending in TBP molecules, compared to
axial bending, as calculated fer PF; [117]. Such behavior is expected on the basis of
VS8EPR considerations [145].

Axial-equatorial exchange in REF, is expected to resemble closely that of EFs, with
comparable rates and energies and, consistent with this view, exchange is rapid and has
not been slowed down in molecuies such as MePF, at —177°C [104], CF;PF, at —150°C
[146], or SOF, at —150°C [147], and CIPF, is fluxional at —185°C [104].

Mono-substituted silicates RSiF,~ are also fluxional at ambient and lower tempera-
ture. There is no evidence of significant stowing of fluorine exchange in (mesityl)SiF,;~ at
—100°C, aithough exchange can be slowed down with more sterically crowded ligands, as
in 2,4,6-tri-tert-butylphenyltetrafiuorosilicate at —68°C [148], however, free rotation about
the Si—C bond in the latter species cannot be assumed at lower temperature. The sterically
crowded phosphorus analogue, 2,4,6-tri-tert-butylphenyltetrafiucrophosphorane, is rigid
at—60°C [149].

The formation of a #rans-D:REF, intermediate in eqn. (13) satisfies the criterion of
Whitesides and Mitchell that both axial and equatorial fluorines must undergo simultane-
ous interchange [104,150]. Attack of D on a TBP face or edge opposite to the ligand R
places the axial and equatorial ligands in mumally frans positions in the octahedral trans-
D:REF, adduct. For any reversal along the same trajectory, there is an equal probability
that two fluorines will revert to two axial or two equatorial sites in trigenal bipyramidal
REF,. A 1P NMR study of Me,NPF, established that solvents such as tetrahydrofuran or
dimethyl ether accelerate the exchange of axial and equatorial fluorines; moreover, the
permutational character of the exchange process is the same as in the absence of ether
solvents [104].

TBP molecules with a lone pair of electrons may also interact with a donor mole-
cule to give cis and frans pseudo-octahedral intermediates, but only the frans isomer nec-
essarily leads to axial-equatorial exchange. A higher energy barrier for axial-equatorial
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exchange in SF;, ~47-68 kJ mol! [97,151,152], as compared to PFs, may be atiributed to
a combination of statistical facters, related to the probability of forming a trans isomer,
and to the greater repulsion of the non-bonded electron pair in the frars intermediate. In
agreement with this view, the barrier to axial-equatorial exchange in PF, , which is
isoelectronic with SF,, is also significantly higher than in PF; [153].

FA £ FA
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A pseudo-octahedral intermediate, with an ether solvent molecule and a pair of
electrons in frans positions, can account for the single peak, down to —120°C, in the
flucrine NMR spectrum of the tellurium compound Te(CF;), [154].

Sulfur tetrafiuoride and its organic derivatives are susceptible to the effects of trace
impurities, as emphasized over the years, and this impurity-cetelyzed exchange process is
accompanied by the cleavage of S-F bonds [20,21,39,97,152,155-158]. Lewis acids such
as PF., AsF; and SbF; are particularly effective as catalysts [159]. Since the H,O-HF-
glass system generates Lewis acids such as BF; and SiF, [26], it seems reasonable to pro-
pose that Lewis acids interact with SF, to furnish the cation SF,;*, and that S-F bond
cleavage in the impurity-catalyzed pathway involves the bridged intermediate F3S--F--
SF.*. In addition to S-F bond cleavage and axial-equatorial exchange in SF,, a third dy-
namic process can be identified by NMR at low temperature, namely, molecular assecia-
tion of SF, via fluorine bridges [160].

The possibility that hexacoordinate D:REF, adducts undergo ligand scrambling by
an intramolecular twist mechanism, without bond dissociation, is considered unlikely.
Nen-disseciative mechanisms have been proposed for octahedral complexes [161], but
alternative bond cleavage processes are often compatible with the experimental results,
especially for fluoro complexes where the effect of H,O-HF-glass must be taken into ac-
count [2]. In many cases, the NMR spectra clearly demonstrate that hexacoordinate addu-
cts do not undergo permutational exchange of ligands, unless there is bond dissociation,
as illustrated by the 'F NMR spectra of 5, 6 and 7, which show A,BC, AA'BC and ABC
spin patterns, respectively, characteristic of rigid complexes. Fluorinated ligands such as
4-fluoro-2,2"-bipyridine (fbpy) are helpful in probing the fluxional character of octahedral
complexes, as illustrated by the 1SN NMR spectrum of mer-Fe(fbpy)3* (7) which shows
six non-equivalent nitrogens in the inner coordination sphere of iron, thereby confirming
the absence of intra- or intermolecular ligand exchange processes.
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Although axial-equatorial exchange in REF, molecules can be attributed to a rapid
equilibrium involving a rans-D:REF, intermediate, the nature of R determines the sym-
metry properties of such an intermediate and, as a resuit, some equilibria may not be ob-
servable processes. For instance, the formation of trans-D:REF, intermediates 8-11, in
which the R substituent lacks cylindrical symmetry, is not expected to permute fluorine
ligands unless accompanied by rotation about single or double bonds and inversion at
nitrogen and sulfir atoms, If an equilibrium between five- and six-coordinate species is
not ohservable for symmetry reasons, and if rotation and inversion processes are rate-de-
termining, then the rate of the latter dynamic processes can be measured by the rate of
axial-equatorial exchange, and 'F NMR provides a sensitive method of studying such
behavior because of the large chemical shift difference of fluorine substituents in REF,
and the large dynamic range that is available.

= FA FA FA
b R A

A 8 g8 FA

8 ] 10 1

Rotation about P-N and P-S single bonds, accompanied by inversion at nitrogen
and sulfur atoms, occurs rapidly in aminofluorophosphoranes, e.g. AG* is 37 ki mol ! at
—85°C for Me,NPF,, with more rapid rates observed on addition of ether solvents j104].
Similar dynamic processes are also found in alkylthiofluorophosphoranes, for example,
the A,BC 1°F NMR spectrum of MeSPF, can be observed at —90°C [164], and the slow-
ing of rotation and inversion at lower temperature makes all four fluorines non-equivalent
in methyl-substituted piperidyitetrafiuorophosphorane, MeCHoNPF, [165]). On the other
hand, there is no fluorine site exchange in FN=SF, or CH,=SF, up to +100°C, reflecting
barriers to rotation of N=8 and C=8§ double bonds in excess of 105 kJ mol~! [114,166).

Mono-substituted compounds REF, with a lone pair of electrons can interact with a
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donor molecule to give five stereoisomers 12-15 (15 is chiral). If the formation of inter-
mediates 1214 involves attack of D at an equatorial site, then a permutation of fluorines
is not expected. A change in spin pattem from AB, to ABC accompanie$ the formation of
isomer 13 but, depending on the potential surface of adduct formation, fluorine exchange
may or may not occur via intermediate 15. Based on these considerations, it is problem-
atical whether axial-equatorial exchange is observable in these molecules and, experimen-
tally, the %F NMR spectrum of sulfurane CF,SF in the gas phase or in solution shows no
signs of fluxionality [82]. Related aryl and perfluorcalkyl fluorosulfuranes also have high
barriers to axial and equatorial exchange §167].

F"‘ A
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Purified samples of dialkylaminosuifur fluorides R;NSF; (16) do not exchange ax-
ial and equatorial fluorines [157]. Restricted rotation about a S-N bond in Me,NSF,
makes the axial fluorines non-equivalent because the Me,N substituent, although planar,
is not coincident with the axial plane [168]. Rotation about a C-S bond in sulfurane 17
equilibrates the non-equivalent axial, as well as the non-equivalent ortho fluorines, with
reaction parameters of AF = 43.9 kI mol~! and AS? =32 J mol deg!. Axial-equatoria}
fluorine exchange in 17, however, was not detected up to +50°C, where decomposition by
glass set in, and the exchange barrier must exceed ~63 kJ mol! [169].
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Impurity-catalyzed exchange in organosulfur trifleorides is most likely due to the
H,0-HF-glass system, and rapid S-F bond cleavage may be attributed to the bridged in-
termediate RF,5--F--8F,R*. Impurity-catalyzed bond cleavage in aminofluorosulphurane
{18) is stopped by the addition of silicon-nitrogen compounds, and ail three fluorines are
non-equivalent because of the asymmetry of the cyclic substituent. Sulfurane 18 has been
suggested as a potential enantioselective fluorinating agent [170].

(c) Di-substituted trigonal bipyramidal fluorides, Ry)EF;
Interaction of a di-substituted TBP fluoride, R,EF;, with a donor molecule may
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give rise to three isomeric six-coordinate intermediates 19-21. Attack of D at an equato-
rial site of RyEF; is viewed as a favorable process, but the resulting mer-isomers 19-20
do not necessarily exchange axial and equatorial fluorines; such exchange is expected,
however, if a fac-isomer 21 is formed.

Fﬁ FA Fﬁ Fﬁ
2 Cemoem B | F° BRI F B|F
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4 o M
FA gA FA D
mer 19 mer 20 fac 21

Axial-equatorial exchange is predicted to be slower in R;EF;, as compared to REF,
or EF;, partly because of statistical factors, since only the fac 21 isomer permutes fluorine
ligands, but also because of the “stiffness™ of 2 TBP, i.e. an energy barrier is associated
with the dispiacement of ligands that must accompany the formation of a fac 21 interme-
diate. These arguments are supported by NMR experiments which invariably show that
di-substituted phosphoranes R,PF; are rigid at higher temperatures than the correspond-
ing mono-substituted phosphoranes RPF,, e.g. Me,PF; (+30°C) [106] versus MePF,
(<-177°C) [104], (‘Bu),PF; (—40°C) [171] versus '‘BuPF, (<-150°C) [172], CLPF,
(—120°C) [105] versus CIPF, (<-185°C) [104], and H,PF; (-90°C} [108] versus HPF,
{(<-90°C) [173].

If axial-equatorial exchange is an unobservable process, then other dynamic proc-
esses such as internal rotation may be rate-limiting, as discussed for mono-substituted
derivatives. Restricted rotation about the P-N bond has been observed in amino phospho-
ranes {Me,N),PF; [174] or Hy(NH,)PF, [175], and the barrier to rotation is 46.7 kJ mol!
in PF;(NH,), [110] and 43.9 kJ mol~¥ in Me;NPF(CF;); [111]. Rotation about the P-N
bond in a chiral phenylpiperidyltrifluorophosphorane was found to have a barrier height
of ~50 kJ mol! [176], and the barrier to P-S bond rotation in MeSPF;CF; is 42.6 kJ
mol ! {113].

An interesting situation arises if the substitients in a TBP are of equal, or nearly
equal, apicophilicity because an isomeric TBP then allows the formation of fac intermedi-
ates by equatorial attack of a donor melecule, as illustrated in eqn. {17} where a iri-
fluoromethy! substituent occupies an axial site.
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A smali energy difference between TBP stereoisomers containing F and CF; sub-
stituents has been established for CF,;PF,, which consists of two conformers with equato-
rial (60 £ 10%) and axial CF; groups in the gas phase [177]. The striking difference be-
tween the molecule {CF,),PF;, which is fluxional down to -160°C [146], and Me,PF;
which is rigid at +30°C [106], may be attributed to a smaller difference in apicophilicity
between F and CF;, as compared to the difference between F and CH;, According to this
argument, stereoisomer 22 provides a lower energy path for axial-equatorial ligand ex-
change because the formation of intermediate fze-23 can occur by a favorable attack of D
at an equatorial site.

The apicophilicity series, which indicates the relative tendency of ligands to occupy
axial positions, i.e. the site preference of ligands in a TBP, is based on NMR and struc-
tural studies [178,179] and further supported by calculations, including ab initic methods
[81,116,180,181].

More flexible molecules are expected to undergo axijal-equatorial exchange at a
more rapid rate. A comparison of exchange barriers for silicates with the isoelectronic
phosphoranes shows lower energy barriers for the silicon derivatives, e.g. PhySiF,~ (24)
(49.0 kJ mol1) [182] versus Ph,PF; (25) (78.2 kJ mol™1} {15}, and this difference is as-
sociated with the greater flexible character of anionic silicates, i.e. a “looser” structure
with greater charge dispersal as a result of lower nuclear charge on silicon. Ab initio cal-
culations performed on the D,,-C;, energy difference between PFs and SiF 5 support this
conclusion, showing a smaller energy difference for the anionic pentaflnorosilicate com-
pared to that for phosphorus pentafluoride [180].
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A lower exchange barrier is also found for the cyclic phenylsilicate (26) (109 kJ
mol} than for the isoelectronic phosphorane 27 (118 k¥ mot!) [183]. Typical barriers
for axial-equatorial fluorine exchange in trigonal bipyramidal silicates are found in Table
3.

{d) Tri-substituted trigonal bipyramidal fluorides, R EF 5
interaction of tri-substituted compounds R,EF; with donor atoms in the equatorial
plane generates isomer 28. The formation of stereoisomers 29--30 is also possible but that
would require more extensive displacement of R and F substituents; in any case, the
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TABLE 3
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Barriers for axial-equatorial exchange in TBP silicates

Compound AGh04 (k] mol1) Ref.
thSiF3_ 44.4 j182]
PhMeSiF;~ 44.8 [182]
Ph({'Bu)8iF;~ 43.5 (38}
{o-tolSiF,~ 41, 44.B{E) [38,184]
{p-tol}; SiF5~ 44.8 i38)
(1-Nap),SiF;~ 39 [38])
2,4,6-’Bu3C5H28iF4‘ 53.6 (Fy} [148)
{CH,)s8iF;- 38(E,) [184]
(CeH4C(CF;),0),58iF 73.2 {424 K) j183)
(CsH4C(CFq,OnSICeF s~ 91.6 (424 K) [183]

equivatence of axial fluorines in TBP R4EF, prevents direct observation of rapid equili-
bria involving six-coordinate intermediates.
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Some evidence for the assumption that bond formation occurs preferentially in the
equatorial plane of a TBP is based on the reactions of tri-substituted fluorides RyEF,. For
instance, fluoride ion adds to arsenic and antimony fluorides {CsF;);EF, at an equatorial
site to give the mer-31 isomer [185].
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Furthermore, an NMR study of the mer-PhyTeF,X-Ph,TeFX* system (X =F, Cl, OH)
shows that addition and departure of a flucrine ligand occurs exclusively at an equatorial
site, thus implying that any flucrine-bridged intermediate retains its mer arrangement of
phenyl substituents [2,186,187].

Rapid permutational isomerization of ligands is also a feature of higher coordinate
fluorides, such as heptacoordinate (Dg,) IF; and TeF; [35,188] and, just as for the five-
coordinate TBP molecules, rapid intermolecular association is expected to lead 1o observ-
able scrambling of non-equivalent axial and equatorial fluorines, The 1%F NMR spectra of
IF; and TeF; show a single averaged peak, while the 125Te NMR spectrum of TeF; in
acetonitrile solution shows retention of tellurium—fluorine coupling to seven equivalent
flyorines. That IF; and TeF; can interact with Lewis bases to give eight-coordinate spe-
cies is confirmed by their reaction with fluoride ion to give octafluoro anions IF; and
TeFg? of Dy, symmetry [35].
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A recent study of the fluxionality of 1F; has concluded that axial-equatorial exchange is
slower than a dynamic puckering of the pentagonal equatorial plane [85].

(i} Five-membered rings and axini-equatorial exchange

The effect of a five-membered ring on the rate of axial-equatorial exchange in TBP
molecules may be traced to several factors: (a} increased Lewis acidity of the ceniral ele-
ment; (b) symmetry properties of the hexacoordinate adducts or intermediates; (¢) prefer-
ence of the ring to span axial and equatorial sites; (d) structural distortions between trigo-
nal bipyramidai (TBP) and rectangular pyramidal (RP) geometries; and {e) bond cleavage
of a five-membered ring.

Among fluorinated five-membered ring derivatives, those with the perflueropinacoi
{PFP) [189] and CH4C(CF3},0 or CoH;[C(CF;),01; [190] ligands have been studied in
detail, and stable hexacoordinate adducts are known which contain these five-membered
rings and typical Lewis bases such as Me;P and phenanthroline, e.g. 32-33.
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The phenanthroline adduct of spirosilane SifOC(CF;)1CeHyla (33) undergoes re-
versible enantiomerization and diastereomerization in solution by dissociation of the
phenanthroline tigand {192]. Non-fluorinated cyclic and bicyclic phosphoranes also form
stable adducts with Lewis bases or flusride ion, e.g. HP(O,CgH),F [193], HP{O.CeH,)
-NCH; [194] or Si{catecholyl}, - 2MeOH [195].

The tendency of four- and five-membered rings to span the axial and equatorial
sites in a TBP, and the continuous structural changes between the ideal TBP and ideal RP
can be treated quantitatively [101,180). Trigopal bipyramidal structures inciude
FSI[CsH,C{CF3),0)y [196] and FGe(MeCgHsS,), [197], and rectangular pyramidal ge-
ometries are found for FSi(C H,0:); [198], FGe(CeHO)m [197] and FP{CHL0,)
[199].

A comparison of cyclic phosphoranes, (CH,),PF; and (CH,)sPF,, illustrates the
dramatic effect that ring size has on rates of axial-equatorial exchange. Exchange in
{CH,)4PF,, which has a five-membered ring, is rapid and can only be stopped below
—70°C [200]. On the other hand, (CH,):PF,, with a six-membered ring, is rigid and shows
no evidence of axial-equatorial fluorine exchange, even at +100°C [200]. The lack of ex-
change in (CH,);PF; may depend on the eccupancy of only equatorial sites by the six-
membered ring, consequently, any attack by a donor molecule at an equatorial site will
generate a mer-34 isomer, but such an isomer does not permute fluorine ligands. A fac-35
isomer allows exchange, but its formation is presumably associated with greater distortion
energies.
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The cyclic and isoelectronic fluoresilicates show a similar trend as the phospho-
ranes, except that rates of exchange are greater. Thus exchange in (CH,),8iF,~ cannot be
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slowed down on lowering the temperature, while the limiting spectrum of (CH,)SiF;~ can
be observed at —117°C [184].

Five-membered rings show a preference for axial-equatorial occupancy in a TBP
and this fact, combined with the tendency for distortion from TBP towards RP geometry
and the greater Lewis acidity of ive-membered ring phosphoranes, is expected to favor a
Jac isomer, thereby increasing the rate of axial-equatorial ligand exchange. In support of
this argument, it is known that the enhanced apicophilicity of ring atoms c¢an force a fluo-
rine substituent into an equatorial site in some five-membered ring systems, e.g.
(OCHMeCH;0)PF,OMe [201]. That {CH,)4PF; is a stronger Lewis acid than (CH,)sPF;,
is demonstrated by the reaction with 8-trimethylsiloxyguinoline which gives a stable hex-
acoordinate adduct with the five-membered, but not with the six-membered, cyclic phos-
phorane [202].

Some phosphoranes are rigid despite the presence of a five-membered ring, but in
these cases the ring may lack a plane of symmetry. For exatnple, the trifluoromethyl
groups are non-equivalent in spirophosphorane 36 {203}, however, any equatorial attack
by a donor molecule is expected to generate hexacoordinate intermediates 37 and 38, nei-
ther of which equilibrates the trifluoromethy! groups.
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A similar explanation can account for the rigid natre of phosphoranes
MeP(OSiMe; 2(PFP) and PhP(OSiMe;),(PFP) which, despite the presence of five-mem-
bered perfluoropinacolyl rings, show ne exchange of triflnoromethy] groups up to their
decomposition temperature of +160°C; an energy barrier in excess of 88 kI mol-! is esti-
mated [204]. Exchange of trifluoromethyl groups cannot be observed at room temperature
in the perfluoropinacol derivative Me,;NP{PFPYOCH{CF;)]» [205]. A comparison of en-
ergy barriers (AG3,,,) for trifluoromethyl permutation in TBP silicates and phosphoranes
shows lower barriers for silicates {CHC(CF;),0LS8iF- (73.2 kJ), [CeH,C(CF:1%0).
SiCsFs~ (91.6 K)), and [CgH,C(CF;),0LSiPh- (109 iJ) than for phosphorane [C,H,C-
{CF;),0],PPh (118 kJ}, reflecting the more flexible structure of silicates. Bonds to 10-Si-
5 silicates are typically 7-15 pm longer than those in isostructural phosphoranes, and
geometric distortion is energetically less costly for silicates than for phosphoranes [183].

Rapid ligand permutation is, of course, expected in those cyclic phosphoranes
which undergo ring cleavage and are in equilibrium with their acyclic isomers [206}]. If an
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eight-membered ring occupies two equatorial sites, then the remaining three OCH,CF,
substituents are placed into two axial sites and one equatorial site of a rigid pen-
tapxyphosphorane [207].

In perfluoropinacoly! spirosulfurane S(PFP), (39), a lone pair of electrons occupies
an equatorial site, but neither a cis-40 nor a rrans-41 intermediate is expected to lead to
an observable permutation of all triflucromethyl groups and, indeed, S(PFP), 39 is known
to be a rigid molecule with non-equivalent trifluorometityl groups at —130°C [208], as
well as at 25°C [189]. The rrans-41 intermediate, however, is compatible with the ap-
pearance of two sets of non-equivalent trifluoromethyl groups, as found experimentaily
for S(PFP), (39).

_})<°F’

A
(PFP)IS _ﬁ + a: B B
-D j: 1M cp, (23)
CF‘B'}Ha b o
CF;“
39 cis-40 trans-41

Since the related phenylphosphorane PhP(PFP), has the same symmetry properties
as S(PFP),, an intermediate analogous to frans-41 is also expected to lead to two sets of
non-equivalent trifluoromethyl groups in the 1%F NMR spectrum, and such a spectrum has
been observed at ambient temperature, and up to +160°C [209].

This analysis appears to be contradicted by the TH NMR spectrum of spirose-
lenurane Se{OCH,CH,0),, which shows only a single resonance at room temperature,
however, the permutation of hydrogens can be traced to ring-opening reactions since ad-
dition of an acid and water scavenger, i.e. EpuNSiMe;, changes the 'H NMR spectrum
from a singie line to a more complex AA'BB' spectrum, consistent with a rigid TBP
geometry. When purified 8e(OCH,CH;0), was examined by 1*C NMR under conditions
of proton-decoupling, only a single carbon peak was observed at room temperature or at
~75°C [210]. Presumably, an intermediate analogous to frans-41 is in equilibrium with
the spiroselenurane, and proton-decoupling removes the symmetry constraints of the
hydrogen substituents, If all ring substituents are in a plane of symmetry, then rapid
equilibration of substituents is expected, and such is the case in bis-4,4"-dimethyl-2,2"-
biphenylene-teilurium, which shows only a single 'TH NMR methyl signal at temperatures
as low as —60°C [211].
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(iii) Three-to-five and four-to-six coordination, +C, +C

The preceding discussion has examined the stereochemical consequences of bond
formation by means of a one-step reaction. Two-step reactions, in which the coordination
number is increased from, say, three to five, may be illusirated by the low-temperature
{~78°C} reaction of phosphorus trifluoride with (CF,),NO [212], in which phosphorus is
converted from 8-P-3 to 9-P-4 in the first step, and to 10-P-5 in the second step as the
product [(CF,),NO},PF; is formed. Oxidation of phosphorus(IIl} compounds is common
with oxygen-containing radicals {213].

{CF,},NO» £
LA

{CFy),NOs  +PF, T " Pae = * P_ON(CFy),

/

‘Cpm “ (CF_.,)zNO

*Cpmonn E

-(CF,),NO» {CFa)l (24)

Two-step reactions, in which a four-coordinate molecule is converted to a stable
six-coordinate 1:2 adduct, are illustrated by the interaction of silicon or tin tetrafluoride
with Lewis bases or donor sclvents such as pyridine or DMSO [214]. Adducts with
weaker bases can be identified by low temperature NMR studies. Thus, cis and trans ad-
ducts of tin tetrafluoride and ethanel, SnF(EtOH),, can be observed at —42°C [215], and
cis and frans isomers of GeF,(SCN),? can be observed at —-90°C {216]. More weakly
bound adducts can be identified in various ways, including tensimetric titration at low
temperature, e.g. 1:2 complexes of SiF, with dialkyl ethers at —78°C [217], or matrix-
isolation techniques, e.g. 1:2 adducts of 8iF, and amines [218]; in some cases, these ad-
ducts have been studied by ab initio methods, e.g. [219}.

FA A FA
*Cemmn) 5 ‘ D Eal D e D

[

EF‘t + D Fe/-—-——u == . '_E_ (25)
et D FBI\D { \F‘
Fﬁi

Six-coordinate intermediates may be inferred from Kinetic orders of reaction, as
well as from increased rates of reaction at lower temperature, as illustrated by the base-
catalyzed hydrolysis of trimethylfluorosilane [16,220]. Sclvent-induced racemization of
chlorosilanes [221] and nucleophile assisted substitution of organoesilanes [222] provides
evidence of six-coordinate silicon intermediates. Once formed, intermediates such as
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Me;SiF(NHE X(H,0) often react further by either fluoride ion abstraction or by deproto-
nation of water, alcohel or amine ligands [47,220],

(iv) Formation of fluorine-bridged intermediates, +C

The first step in the transfer of a fluorine ion or atom is generally the diffusion-con-
trolled formation of a fluorine-bridged intermediate. Fluorine bridging is a common fea-
ture of main group flucrides in the crystal state, in neutral or ionic compounds [223], as it
is for transition metal fluorides [224], and various modes of bridging are possible, e.g. u-
F, (u-Fh, (u-F);, (@-F);, as iliustrated by fluorides such as InyFyofu-Fht [225],
[(RsP);HMO),(u-F);]" [226] and Moy (u-F)o(O-'Bu)g [2271.

Strong flucrine bridges can be characterized in solution or in the solid state, e.g.
Sb,sF); {228], F;PO-SbF,—FSbF; [229] or H;F,*Sb,F);~ [238], but more iabile bridged
intermediates are detected with greater difficulty, and the fluorine-bridged anion As,F{,”
can only be observed at —-140°C [231] and B,F; at —155°C [232).

+Cpgaprqny
BF, + BF/S Ll F,B--F--BF, (26)

o

Other intermediates such as P,F;;~ or SiyF;>~ have not yet been directly observed, al-
though their intermediacy is supported by NMR exchange studies [17,233]. Molecular
orbital calculations have been carried out on fluorine-bridged species such as
H,8i-F-SiH,* [234), P,F|,” [235], FI-FIF- and CF,I-F-ICF;™ [86], and some fiuorine-
bridged species can be observed in the gas phase by ICR, e.g. CH;-F-CH,* {236], or by
negative ion fast atom bombardment spectroscopy, e.g. ArOH-F-HOAr™ [2371.

Main group anions such as BF,4~, PF,-, AsF;~ and SbF; can interact with transition
metat complexes via fluorine bridges, but these weakly coordinated fluoroanions are good
leaving groups and can be readily displaced in substitution reactions {238,239}

‘?cwmg(“ -solvent

Mo PLyfsoW' + SbFy ™ MeyPL (solv)W--F-SbFy v MosFLW-FSbFy ™ elc. @
“Cweren +soivent

L, = (CONO

Trace amounts of moisture can generate new fluorcanions such as BF,;0H- or
PO,F;7; eccasionaily, the only source of silicon and boron in fluoroanions such as SiF.,
BF,~ or F3BOH- is the glass apparatus [240]. If moisture is present, there is the further
possibility that fluorcanions are hydrogen bonded to the agua ligand, as in
L,MOH,—FBF; [241].
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The consecutive formation of fluorine bridges in multistep pathways occurs in the
oligomerization of antimony pentafluoride, or on addition of excess HF to F-, which gives
initially FHF - and then, in turn H,Fy-, H3F,, H,Fs~ and HsFg (51,242].

+Ceomysy HF HF
F+ HF = FHF = F-H-F-H-F =  (FHF (28)
-Cron HF HF

(v} Intramolecular n-center steps, +C¢

Cyclic n-center steps generally tead to enhanced rates of reaction because of en-
tropy factors. The interacting atoms are in close proximity and rate enhancement is ex-
pected to be greatest for 3-, 4-, 5- and 6-center steps, but diminish as the value of » in-
creases [2]. A maximum entropic advaniage for intra- over intermolecular reactions of
about 140 J K-! mol* has been assessed, or a 10® enhancement factor [243]. Rate en-
hancements of the order of 105108 are known for five-membered ring intermediates in
the reactions of organophosphates [244] or sulfur radicals [6]. The formation of cyclic in-
termediates is a very common feature of numerous reaction pathways [245,246}, includ-
ing radical mediated cyclization [247].

The evhanced stability of metal complexes containing a five-membered ring
(chelate effect) is attributed mainly to a favorable entropy term [248], and the stabilizing
effect of five-membered rings can be used to advantage in preparing otherwise reactive or
transient species [249,250]. Ia this way, pentacoordinate derivatives of phosphorus(¥ii),
arsenic{iil}, antimony(Ill) and bismuth(lll) have been stabilized by using the 2.6-
bis[{dialkylamino)methyl]phenyl tigand system for the introduction of five-membered
rings [251].

(a) Three-center steps, +(3<enter
The transfer of a fluorine substituent to an adjacent atom, i.e. a 1,2-shift, is a com-
mon feature of reaction mechanisms, and this transfer may occur exceedingly rapidly, as
illustrated by the 2,3-difluoro-2,3-dimethylbutane—8bFs—80, system in which an equilib-
rium invelving 3-center steps cannot be slowed down even at —90°C [252].

3-center 3-carter
Me\ Me +Ceairn) I\%e a:!e 1+ CopiF ] }s
Msyc _{F j\_c; \ ﬂﬂe (29)
N/
-t 3center
F Me CISEN Me F Me +Ceariy Me F

Analogous fluorine transfer processes also occur in radical species, as demonstrated
with the aid of tritium labelling for the 1,1,2-trifluoroethyl radical [253].
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The relative tendency of fluorine and hydrogen migration in radicai, anionic or
cationic species has been investigated by INDO molecular orbital calcnlations and highly
selective behavior was found. For the 1,1,2,2-tetrafluoroethyl radicai, CF,HCCF,", the
results suggest that fluorine atom migration through a fluorine-bridged intermediate will
occur more readily than hydrogen atom migration though a hydrogen-bridged
intermediate, but the corresponding cation CF;HCCF,* will undergo hydrogen migration
more readily than fluorine migration, however, it will be diffieult for the anion
CF,HCCF;" to undergo migration of gither a fluorine or a hydrogen atom [254].

(b} Four-center steps, +CHcemer
A four-membered ring can be prepared by the addition of fluoride ion to FyC(SF;3),,
using either CsF or Me;SiF,;™ as a source of fluoride fon, and the structure of the symmet-
rically bridged anion has been determined by X-ray crystallography, with the bridging S--
F bond (211.7 pm) being 12.7% longer than the temminal S-F bonds (160.7-172.9 pm).
Ab initio calculations show a relatively small energy difference of 4.5-5.7 kJ mol-! be-
tween a symmetrically and an asymmetrically bridged structure [255].

- - &-Carter
F SF, *+Coareny /Sfa T
N
F,C{SFgl, — FoG - PG F a1
4-canter 4
SF3 'Csan) SF3

In the absence of fluoride ion, the molecule F,C(SF,), retains its ability to form a
fluorine-bridged four-membered ring, but the structure, as determined by electren diffrac-
tion, shows a substantialty longer/weaker S--F bridging bond (266 pm) than in the anion
(211.7 pm), although still shorter than the sum of the van der Waals radii (330 pm) [256).

The coordination of dichloromethane to silver ion in a bidentate fashion, confirmed
by X-ray structure determination [257], must include a four-center step.

L-cari
CI—CH, +Cagtmr1CHS) /01\
g C = LA OH, G

_c4-osntor \Cl/
Ag{ms+1)CH1}

A rapid succession of four-center steps can equilibrate all fluorines of the bridged
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SbF¢~ ligand in the tungsten complex 44, and the 3'P NMR spectrum shows retention of
P-F coupling between the phosphine ligand and all six fluorines throughout the exchange
process. The NMR spectra can separate this “anion spinning”, for which AH¥=41,7kJ
mol! and AS*=-1.5]J mol"! K!, from an accompanying intermolecular process that
cleaves the weak tungsten-fluorine bond and for which AH¥=27.7k] meol?! and
AS* =_i28 Jmol-! K-1[258].

E F
F +C\:ﬂﬂﬂ F F A-cordes
B (©IF(1) AL Cwierp)
X s oMo
MegPL W~ ~F--Sb—F = Me,PLW sri‘\ = e (33)
£
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F F
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The rotation of fluoroanions such as BF,~ and SbF,~ may be rapid in the solid state
and can lead to crystallographic disorder, with the magnitude of the atomic thermal pa-
rameters serving as an indicator of the fluxionality of the species [74]. Rotation of the
FsTeQ anion in the solid state is also rapid above —70°C, and IR and solid state !F NMR
studies show that the oxygen atom interchanges between protonated sites of 1,8-
bis(dimethylamino)nraphthalene [259).

A series of four-membered ring phosphoranes, containing the carbodiimide, car-
bamate and thiocarbamate ligand have been prepared recently, and a rapid equilibrium
between 10-P-5 and 12-P-6 phesphorus compounds, involving a four-center step, is
compatible with the experimental resuits [260], as illustrated by the equilibrium between
46 and 47,

<-center
9 +Coon Mg | QO Me
£ f’-‘ . . := 3.
{Cl 3}3MEP0’CNM32 /P f_N G 4)
48 Cason) CFy \0 59
CF,
47

Flucrine exchange in the cyclic phosphoranes 4850 was studied by means of satu-
ration-transfer NMR techniques and it was found that exchange was too rapid in 48 to be
stopped at lower temperature, but the limiting spectruin of 49 was obtained at -50°C,
while 50 was rigid at room temperature, therefore, it may be concludad that the order of
bond strength in 48-50 is P--O < P-N < P-5, if exchange is initiated by dissociation of
the P-E bond in the hexacoordinate adducts [261].
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F F F
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F F F

48 49 50

Cleavage of a four-membered ring in the hexacoordinate adduct 49 generates a five-
coordinate phosphorane intermediate 51 in which the equatorial ligands are equivalent but
the axial fluorines are non-equivalent, provided that the amino substituent lies along the
axial plane. Only the axial fluorines are permuted by rotation about the P-N bond in §1,
but further interaction with a donor atom allows equilibration of all four fluorine substitu-
ents via the intermediate trans-52. In this NMR experiment, three competitive dynamic
processes can be observed: firstly, cleavage of the P-N bond and ring opering of a four-
membered ring in 49, secondly, rotation about the P-N bond (56.1 kJ) in intermediate 51
and, thirdly, axial-equatoriai ligand exchange (57.8 ki) {261].

A r* = F*
A-coohee
""l" fﬂ FS ll’--N\Q :]3" D—-El"—F:(Me+ ¢is isomer
|~.N_ T T M 5V (3%)
FA e FB A N/
49 51 trans-S2

Reversible ring-opening and -closing of a four-membered N-C-N-P ring also pro-
vides a mechanism of exchange of non-equivalent fluorines in a related hexacoordinated
fluorophosphate, (RNCRNMe)PF, [262]. A four-center step is implicated in the isomeri-
zation of an acyclic fluorosulfur derivative PhC(O)CH=SF; to its cyclic isomer
(PRCOCH)SF, [263].

{c) Five-center step, +C5-center
Five-center steps are common features of many reaction mechanisms, and they can
be observed in solution or in the gas phase, as demonstrated by the formation of cis-54
and frans-88 isomers of pentacoordinate silicon, From a study of the equilibrium of eqn.
(36) it was found that AH = —28.5 kJ mol! and AS = -60.5 J K~! mol™ [264,265].

S-comner
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Related (aryloxymethyl)triftuorosilanes are pentacoordinate in beth solid and con-
densed phases, with an intramolecular Si-O bond that is part of a five-membered ring,
and axial-equatotial finorine exchange has energy barriers between 29 and 38 kJ mol?!
{266). For the related compound PhC(Q)YOCH,CH,SiF;, where a Si—O bond is part of a
six-membered ring, AH = -3.0 ki mol? and AS = 28 J K~! mol [265].

A five-center step can play a cructai role in enhancing the selectivity of a chemical
reaction or in determining its stereochemical outcome, as illustrated by the conversion of
chiral silylsulfoxide §6 into pentacoordinate silylsulfoxide 57, The latter species has three
distinct silicon—fluorine bonds, as verified by "NMR below ~100°C [267], and any sub-
sequent reaction of intermediate 57 could, potentially, discriminate among the different
silicon-fluerine bonds.

RS(O)CH,CH,SiF; >

S-ostiter
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+C§(?)6Tn r |
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| G37)
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56 57 R=Me, Et, PhCH;

A transformation which involves successive n-center steps is illustrated by the con-
version of fluorostannane 58 to 69. Initially, a five-center step converts 58 to a cyclic pen-
tacoordinate tin adduct 59; the formation of 2 fluorine bridge between two molecules of
59 can then be followed by a four-center step to give a cyclic fluorine-bridged dimer 60.
The tin flucrine bridges in dimeric 68, i.e. Sn{u-F),Sn, are of unequal length, 197.4 and
364.1 pm, with the weaker bond being similar in length to that of a van der Waals Sn—F
contact of 363 pm [268], but the stronger bond is comparable to that of a single Sp—F
bond in (mesityl);SnF (196.1 pm) [269],

Me Me e
L/F\ - |,°'__ 0

e C%;s\m Mo =07 | T~ F/T\é
Me Me

58 59 60

The coordination of dikalocarbons such as CICH,CH,Cl or 0-C4H,Cl, to metal ions
in a bidentate fashion must, necessarily, involve a five-center step [270,271]. A five-cen-
ter step is also involved in the formation of an iridium complex of 8-flucroquinotine,
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where chelation of C-F to iridium is observed [272). Numerous other examples are
known of the formation of chelated donor-acceptor complexes via five-center steps, e.g.
[273-2771.

(d) Six-center steps, +Coeonter
Six-membered chelate rings are formed by acetylacetone, 8-hydroxyquinoline and
related ligands and they are well known for main group elements, including phosphorus,
e.g. 61-62 [278-281] and silicon 63 [282]. Cyclic six-membered intermediates have been
proposed for many reactions, e.g. the stereoselective atkylation of aldehydes with pen-
tacoordinate fluorosilicates [283].

'
<
F:," [ \\\O:Q‘ie £, Mg, i{é/—“\?
“P  ou " s
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mer61 [278) face2 [278) 63 [252)

{vi) Intra- versus intermolecular steps: +C/+C

The ratio +C</+C describes the formation of bonds by discrete »n-center versus in-
termolecular sieps [3]. Although this ratio applies to elementary steps, it is refated to the
experimentally determined rate constants for intra- and intermolecular reactions, and the
magnitude of the ratio k. /k:,., referred to as the “effective molarity”, is usefyl for ana-
lyzing the relative importance of intra- and intermolecular reactions in organic, or-
ganometallic, and enzymatic reactions [284].

Multistep reaction pathways often centain both acyclic and cyclic steps, and the
competition among the various steps is influenced by the size of the ring, stereochenical
constraints, small changes in bord strength, and nature of substituents or reaction condi-
tions. The silanes Me,NSiH;Cl and Me,NSiH; may serve as an illustration, since
Me,NSiH,CI is dimeric at —157°C, with unequal Si-N bridging bonds of 181.4 and
205.4 pm in the four-membered ring, compared to 168.9 pm in the monomer [285],

&-canter
+Copanis +Csiame /N\
AY
SN+ SN = SiN-SIN < | 7‘ (38)
4-canter »
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Si-N = Me,NSiH,Cl
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whereas Me;NSiH, forms a cyclic pentamer, with all Si-N bends involving pentacoordi-
nate silicon being equal, 197.6 pm [286].

10-conler
+Csyang) Si-N +Csiamis)
SN + SEN v SIN-SHN v v SiNS-N-SIN-G-N-SEN ™ (SiN), (9)
10-contar
“Coyane Csyoney
Si-N = Mo NSiH,

(vii}) Fluoride-induced reactions

Fluoride ion catalyzes the cleavage of numerous chemical bonds, for example,
aryl-S8i [58,183,287], alkenyl-Si [288], Ph,PCH,-Si [289], 8i-H and Si-N [290}, Si-O
[290,291%, and Si-Fe bonds [292], as well as ring-cleavage of Si-CCC bonds [148].
Common sources of fluoride ion include KF in {8crown-6, KF and CsF in donor sol-
vents, tetraalkylammonium fluoride, Me;SiF,-, or FHF. Fluoride-induced reactions of
silicon and phosphorus compounds prebably involve the stereospecific formation of five-
and six-coordinate intermediates [293,294],

F 1 F 1
F R, D R, | A
RSF = “si——R w / = e (49)
—y l o N
F

The presence of relatively strong Si-F or P-F bonds in these reactants and inter-
mediates may be expected to divert any bond-cleavage process towards weaker bonds. As
discussed below, there is evidence that a carbon—element bond is cleaved only after an
odd-electron intermediate is formed, however, the exact role of ionic or radical intermedi-
ates in many fluoride induced reactions has not yet been clarified.

Extensive applications of fluoride catalyzed reactions have been described
[295,296}, including a general method for carbon—carbon bond formation by way of the
fluoride-induced reaction of enoxysilanes [297]. Silicon compounds, in combination with
fluoride ion, have been used for the synthesis of highly fluorinated organic derivatives,
with improvement in selectivity and yield [268]. The reactive anion F;SNF- is generated
by the addition of flucride ion to F,S=NF [162]. Fluoride addition to perfluoroalkenes
gives useful intermediates in fluorocarbon chemistry [299), and Me,SiF, is a convenient
source of flueride jon for the preparation of stable isolable perflucroalkyl carbanion safts
[300]. In the presence of fluoride ion, alkyl halides react rapidly with purines and
pyrimidines [301].
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Fluorinated alkoxides are also convenient flucride donors, and the C-F bond is
relatively long and weak in the anion CF0~ (139.0-139.7 pm} or the anion (CF3),CFO-
(144.6 pm, calcd.) [302]. The anion (CF;);CFO- donates 2 fluoride ion to the phospho-
rane (PFP)PF; to give the corresponding fluorophosphate (PFP)PF,~, along with
hexafluoroacetone, eqn. (41) [303].

+Cpmrn “Cegre

(PFPIPFy+ (CRL,CFO ¥  (PFPIPRyF-COF,0° T (PFPIPE,  + {CFahCO 41}
“Comry *Cewyrin

The reaction of {(chloromethyl)trimethylsitane with KF or CsF in the presence of 18-
crown-6 must initiate the transfer of a methyl substituent, perhaps by forming a pentaco-
ordinate fluorosilicate followed by a 3-center step, because the final product is exclu-
sively dimethylethylfluorosilane, as shown in egn. (42) [304].

+Csare)
Me SiCH,C + F = MeSIFICHCI —  MeESiF « Cf 42)

Ceyario

Isomerization and racemization of alkylsilanes occurs in the presence of CsF in di-
methylformamide [305], and isomerization is observed in fluorinated heteroaromatics
using CsF or KF in sulpholan or acetonitrile [306].

Fluoroanionic intermediates have often been postulated in oxidative-addition reac-
tions. The oxidation of sulfur tetrafluoride with Cl, in the presence of CsF is assumed to
involve the anion SF;~ [307] and C,FsSeF, is a postulated intermediate in the reaction of
C,FsSeF; with CIF in the presence of CsF [308). These anionic 10-E-5 intermediates pre-
sumably have a square pyramidal structure (Cy,) with a lone pair of electrons in an octa-
hedral site, as established for the anions SF;5- [309] and TeFs [310]. Iu the related anions
C,FsSeF, [308], CF38F,, (CF.),CFSF, [311], TeF,OR- or F;Te{OCH,CH,NH) [312],
perfluoroalkyl or oxo figands are assumed to occupy a site frans to a lone pair of elec-
trons, A similar structure has been proposed for the di-substituted anion Ph,TeF,-, and a
phenyl substituent must occupy a site frans to a lone pair of electrons in order to account
for the stereoselective synthesis of cis-Ph,TeF, in the halide-catalyzed oxidative-fluorina-
tion of PhyTeF,; with XeF,. The cis isomer can then be converted to trans-PhyTeF, by
means of fluorine-bridged intermediates [18). oh 1

*+CraaF) Ph,, | F

Ph,TeF, + F - 1’
i | N

43)
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Addition of fluoride ion to silicon, and rejated elements, also occurs in the gas
phase, where the first step is the formation of 2 pentacoordinated: fluorosilicate, e.g
Me,SiF- or (MeQ),SiF-, followed by a variety of decomposition pathways which, how-
ever, generally retain the strong Si-F bond [292,313,314),

In alt of these fluoride-induced reactions, the formation of addudts or intermediates
is favored by the large fluoride ion affinity of main group compounds, as determined by
iCR measurements, e.g. BF; (301 kJ mol), PF;s (356 kJ mol-') and $iF, (251 kJ mol)
[68]; or by lattice energy calculations, e.g. BF; (385 ki mol1), PFs (423 kJ moi} and
AsF;5 (464 kJ mol™1) [53]. In some cases, however, the fluoride ion is bound by short
O-H-F hydrogen bonds, rather than by direct bonding to the main group element, as
found in the stuchwes of Te{OH), - NaF and Te{OH)- 2KF [315].

D. BOND DISSOCIATION, -C AND -C°

In most instances, the high E-F bond dissociation energy of mpin group fluorides
preciudes direct bond cleavage. Although this bond energy depends, among other factors,
on the nature of the substituents in the molecuie, as well as on the occupancy of fluorine
ligands in axial or equatorial sites, changes in substituents or site occupancy have only a
moderate effect on the E-F bond length of typical main group fluorides, as demonstrated
in Table 4. The difference between axial and equatorial E—F bond lengths in most cases is
less than 5%, aithough larger differences of 8 and 9% are found in SbF2- and SF5-, re-
spectively. Such changes in bond length/strength are presumably toe smail to allow rapid

TABLE 4
Typical E-F bond leagths in four-, five- and six-coordinate fluorides

Species E-F ax (mean) E-F eq (mean) Ratio ax/eq Ref.

PF; 157.7 153.4 1.03 [76}

MePF, 161.2 154.3 1.04 [316}
SiFg 166.0 162.2 1.02 317N
PhSiF,~ 169.1 162.6 1.04 317}
PhMeSiF;~ 169.5 162.1 1.05 [318]
Ph,SiF;” 170.5 166.2 1.03 3171
SFE, 164.6 154.5 1.97 [319]
SFs~ 155.9 1718 0.91 (309)
SeF, 1771 168.2 1.05 [3201
TeF, 190 179 1.06 1321)
TeFs~ 186.2 195.3 0.95 (3221
PhyTeF; 192.4 196.0 0.98 {186]
Ph;TeF,0H 195.8 201.6 0.97 {187)
SbFg2- 1916 207.5 0.92 [323]
iFs 184.4 186.9 0.99 [324]

XeFs* 1813 184.3 098 [309]
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cleavage of sirong E-F bonds under the usual experimental conditions, instead, further
changes in coordination number and electron count will be required before bonds are suf-
ficiently weakened to be cleaved under mild thermal conditions, i.e. spontaneously.

(i} Cleavage of fluorine-bridges, E--F--E, -C

Fluorinated compounds may formally be divided into F-, F', F* and e~ donors or
acceptors, In most reactions, the transfer of a fluorine ion or atom is assumed to involve a
fluorine-bridged intermediate, but the transfer of an electron can occur with or without a
net transfer of a ligand, as discussed in connection with the inner-sphere mechanism of
electron transfer [325,326].

Significant changes in E-F bond length/strength are associated with the formation
of a fluorine bridge. For those typical neutral and ionic compounds listed in Table 5, there
is a lengthening of the bridging bonds of between 3 and 64%, therefore, rapid bond cleav-
age appears reasonable in those intermediates with sufficiently weakened bridging bonds.

The cleavage of a weak bridging bond may be illustrated by the dissociation of
B,F;~, which is a rapid process at —100°C but can be stopped at —155°C [232,340]. The
weak B--F—B bridging bond containg 8-F-2 fluorine and 8-B-4 boron, but the stable B-F
terminal bords contain 8-F-1 fluorine and 8-B-4 boron.

F e S 1 “Cagyroy
F-;B --F--B»=F = BF, + BFy (44)
F e +Crawro)

With a stronger Lewis acid such as aluminum, bridging bonds are also weakened.
As seen in Table 5, the aluminum—fluorine bond in monomeric AlF; (163 pm) is length-
ened in bridged species such as Me;At-F-AlMe;~ (178.2 pm), Et; AI-F-AIEt;~ (182 pm),
or {Me,AlF], (181.06 pm) [341]. Despite a lengthening of about 9-12%, however, the
bridging Al-F-AI bond, with 8-Al-4 aluminum and 8-F-2 fluorine, remains too strong for
rapid cleavage, and aluminum fluorides are rigid under mild conditions, in fact,
[Me,AlF], and [Et;AlF], remain tetrameric under most experimental conditions [342).

A relatively small increase of 3% is observed in the length of the bridging B-F
bond in Cu(PPh;};—F-BF; (Table 5), and this sinall increase accurately reflects the ex-
perimental observation that bond cleavage occurs at the transition metal site, rather than
at boron.

Bridged Si--F--Si intermediates such as 64 are responsible fer rapid intermolecular
flyorine exchange in four-, five- and six-coordinate silicon fluorides, and Arrhenius plots
for the SiFs"—SiF¢* and MeSiF;-MeSiF,~ systems gave £, = 21 and 23 kJ mol™}, respec-
tively. In the absence of further data, these values provide a crude estimate of the strength
of the silicon—fluorine bridge bond [17). Fluorine-bridged silicates have been identified
recenily by X-ray crystallography {37].
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TABLE 5
Bond lengths {pm} and ratio of terminal and bridging clement-fluorine bonds

391

Compound E-F E--F--E' E-F<-EE-F Ref
SiHyF 159.3 - 1327}
H;8i-F--SiH;" {caled) - 171.9 1128 [234)
o~CHa{SiPhE, ), F 160.1-165.7 189.8-206.5 1.22 i37]
P,Fy; (calcd) 156.7-157.2 183.1 1.17 (235]
F,C(SE,),F- 160.7-172.9 2117 1.27 [255]
AlF; (monomer) 163 -~ - {328}
Me;Al-F-AlMe;™ - 1782 £.0gb 1329}
Et;Al-F-AlEt;" - 182.0 1.12% [330)
F,S0-F—SnFy~ 207-208 222 1.07 1331]
F3Sb-F-SbFs- 178-196 200 1.07 (3321
FXe-F-XeF* 190 214 1.13 [333]
FsXe-F-XeFs* 180186 221-226 122 [334]
Cu(PPhy),F-BF; 135 139 1.03 [335]
Ag(CNR),(t-F),PF, 151 156 1.03 [336]
SeFy* 166 (ave) 243 (ave) 1.46 337
TeF;* 183-186 254-269 1.42 [338]
CIF; {(~100°C) 157.0-174.3 270.6-274.0 1.64 [339}
BiF, {chains) 190 211 L1 (131
*Compared to Si—F bond length in SitlyF. "Compared to Al-F bond length in AlF;.
F F P
g i ~F “CaymrF
F? S - F--S°_F - SiFy + S (5)
F ’ F I *Csorin
E F
64

Symmeiricai fluorine-bridged E—F—E intermediates such as 64 are ideal for dy-
namic NMR study, but synthetic applications generally require an unsymmetrical inter-
mediate E--F--E' with a favorable equilibrium constant. The synthesis of pentafluorides by
the reaction of four- and six-coordinate fluorides of Si, Ge and Sh must involve an un-
symmetrical intermediate with 10-E-5 and 12-E-6 elements, as shown in eqn, (26).

F ¥
+Ceary F T Cemr
EFZ + EF, == F-—E:--F—/E, Foos 2 EFg
Ceraro FJ F F *Cemeny

F

(46}

E = Si {17}{343], E = Ge [344}; € = Sn [345)
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An unsymmetrical fluorine-bridged P-F--Si intermediate can account for the syn-
thesis of PhPFy~ in the reaction of PhPF, and SiFs- [346],

+Cpimrey Cayareo
PhPF, + SiFg = PhPFF-SiFy = PhPF. + SiF, Y]
“Cogirey *Coxaey

and cleavage of a bridging Si—F-C bond is a convenient way of forming carbon—fluorine
bonds in the reaction of difluorotrimethylsilicate with perfluoro olefins or ketones [300].

Me,SiFy Cepwe
CFy=C(CF3); =+  MeFSi-F-CF,C(CF,y), w  MeySiF + (CFp),C ¥ ete. (48)
*CopFn

Difluorotrimethylsilicate can also be used to prepare sulfur—fluorine compounds,
via a Si--F-§ intermediate, but in liquid sulfur dioxide, the initial product SO,F- under-
goes rapid intermolecuiar fluorine exchange, although exchange is stopped in acetonitrile
as solvent {3471,

MeySiF," ‘CSWF(U 80,
$0, - ™= MesFSI-F-SO,” ¥ Mg SIF + SO,F ** 0,5-F-50, (49)
+Coyarm -80,

Bridging P--F—Sb bonds are undoubtedly responsible for the rapid reaction of pen-
tafluorohydridophosphate anion with excess antimony pentafluoride [348].

SibFg -C’(W(ﬂ ShF, -cp(m,, SoFg
HPF, WMFSOF-PHF, ™ SbF, 4+ HPF, WNHPF,F-SOFg W& HPF® + Sbfy T Sb.F, " (50
-SoFg *Comr ~Sofy +Corarn ~SbFg

Stable 3-S-3 sulfur cations can be prepared from 10-S-4 sulfuranes such as SF;
{349], CF38F; or {CF;),SF, [350] by reaction with Lewis acids SbF;, AsF;, PFs and BF;,
and these reactions presumably involve intermediates with S--F~E bridging bonds.

SbFy Lt
E.-
{CFa}zSFz - (CFy)pFS- F-SbFg - {CF:’)ESFP * SbFs én

+Cimr
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Bridging S—F—As bonds can account for the formation of FSO,N=8F,, as a result
of fluoride abstraction from F.SNSO,F- by arsenic pentafluoride [351]. An impurity-
catalyzed sulfur—fluorine bond cleavage process in organosulfur fluorides such as RyNSF;
and Ph,SF, [39,157,158] is most tikely due to the presence of Lewis acids such as BF,
and SiF, from the H,0-HF-glass system [26], and rapid exchange may be attributed to
bridged S--F-B and S--F--S intermediates, as postulated in egn. (52).

BFs Loy R NSF,
RNSF, ¥ RNSF,-FBF, ¥ A NSF,* + BF, ¥ R NF,S-F-SF,NR,* (52)
*Csairn A NSFy

The addition of AsF; to RuF¢* leads to tetrameric RuF, [352], presumably as a re-
sult of Ru—~F-As bridged intermediates, and the reaction of TeF, with a rhodium complex
to give L,RhTeF;*TeF;~ has been described [353], while SF; reacts with an iridiurn com-
pound to give L,In(F)SF; [354]. On ithe basis of exchange studies with the radiotracer
fluorine-18, it was established that anions SbFg~ or AsFg~ are kinetically more inest than
aniens PFg or BF, towards the hexafluorides of molybdenum, fusgsten or wranium
3551 The hydrolysis of fluoroaniens such as PFg-, BF, or AsF, undoubtedly requires a
bridged intermediate for fluoride abstraction; indeed, hydrolysis is catalyzed by typical
hard acids such as Bell, AU, ZrlV and Th'V [356).

The relative strength of bridging bonds, i.e. E--F-E' versus E-F-E', can often be in-
ferred from the identity of reaction products. For example, the fact that nitrosyl fluoride
reacts with XeF, but not with XeF [33] implies that in intermediates of the type ON--
F-XeF, and ON-F--XeFs, the former bridged intermediate leads to the formation of
XeF5, but the latter reverts to starting materials NOF and XeF;~ without any formation of
XeFG’-'.

In some anions, either fluorine or hydrogen bridging is feasible, but an X-ray struc-
fure analysis proved that the anion O,FSO-H-OSFO,~ contains a short hydrogen bond
[357). Hypefiuorous acid, HOF, where either O-H--F or O—H—O bonding is possible, has
O-H--O hydrogen bonds in the solid state [358], and the fluorosilonate anion
R,FSiO-H-0OSIFR,~ (R = mesityl) is hydrogen-bonded rather than fluerine-bridged
3591

Small differences in the strength of E--F--E' bridging bonds are expected to lead to
substantial differences in rates of bond dissociation, however, such differences may not
always be observable because of rapid scrambling of non-equivalent fluorines, The latier
situation is encountered in the PhPF,H-PhPF,H and PhPF,—PhPF; systems, where rapid
P—F bond cleavage may involve either axial or equatorial fluorines, but information about
selective bond cleavage is lost because of an accompanying exchange of axial and equa-
torial fluorines [44,346). In order to circumvent this problem, any five-coordinate species
must be non-fluxional, and this is generally the case in tri-substituted fluorides R;EF,, as
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discussed in a previous section, consequently, site-sefective E-F bond cleavage can be
observed in a series of triphenyltellurium(Vi) fluorides, e.g. mer-PhyTeF;, mer-
Ph;TeF,Cl or mer-Ph,TeF,0H. in each molecule, only the Te—FB bhond is cleaved, but not
the Te—F* bond, as verified by '°F and 12Te NMR. A rigid and planar Ph;Te moiety in
6567 presumably prevents scrambling of non-equivalent fluorines in all reactants and
intermediates [2,186,187].

FA Sl FA A
P;; ‘\Ph Ph “Cromrm Ph Ph
Te—Ph = Ph—Jo-_F8 _ Je._Ph
(33)
CesiF(y Fh
X X
85 66 67 X=F" C), OH

The selective nature of bond dissociation can also be demonstrated in mixtures con-
taining neutral and anionic or cationic species. For example, in the PhyTeF;—
Ph;TeF;"—PF,~ system, bond cieavage involves only the tellurium species, however, on
addition of PFs, rapid exchange occurs among the phosphorus species PF; and PFg
[186]. Selective P-F bond cleavage has also been postlated in adducts of PF,* [26]. In
the XeF,SbF; system, selective Sb—F bond cleavage occurs, without involvement of
cationic XeFs*, as demonstrated by the AB, '"F NMR spectrum of rigid XeFs*, together
with a single fluorine line arising from fluorine exchange between SbF,~ and SbF; [360].

SbFy “CxesiFo1y SbF;
XoF - FsXe~F-Sbf - FgXe* + SbFy = Sb,Fy (54)
-SbE, +CxetmF) -SbFg’

Carbon—{luorine bonds are generally cleaved in the presence of a strong Lewis acid
[361], and these conditions which faver intermediates of the type C--F-E, rather than
C—F--E, are of importance for synthetic applications. The carbon—fluorine bond in 68 is
cleaved rapidiy at —60°C on addition of arsenic pentafluoride in liquid SO,; cleavage of 2
C--F-As bond in intermediate 69 leads to cation 70, which can be identified by NMR
{362).

AsFg F,’ Sa AsFs  Casmry Ff,,

F
\

{CF,CFSe], = = c C-CFy + AsFg

) \Z\c N AV °”

70
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Three successive C--F-Bi bridges are presumably cleaved as all fluorines from one
trifluoromethyl group of 2,4,6-(CF;);C¢H,ONa are replaced in the presence of BiCl,
[363], but for the cleavage of stronger carbon—fluerine bonds, other mechanistic features
are important, as discussed in the next section.

A bridging C-F--B bond is found in a boron trifluoride—ferracyclopentadiene com-
plex {364]. Cleavage of an aromatic carbon—fluorine bond occurs during oxidative-addi-
tion of a tungsten complex, but the multistep reaction also involves transfer of fluorine by
a six-center step and loss of solvent from the tungsten complex [365].

Fluorine transfer reactions can be studied in the gas phase, where pentacoordinate
silicon anions and flucrine-bridged intermediates appear to play the same sole as they do
in solution [366].

F Me,SiC;Hg Cagarn
Mo, Sl T Mo ST W MoSHESMeCHg ™ MeSi+ SMeCHIF (56)
+Coyar

(i} Cationic intermediates

An important characteristic of main group flucrides EF,, is their amphoteric nature,
which promotes the intermediacy of cationic and anicnic species [367,312], according to
eqn. {57).

MFg

EF,,, = EF, == EF,,* + M (57

&

For some clements, an extensive series of ionic and neutral species has been identi-
fied, for example, PF,*, PF," and PF,~ [98,153,368], or Me,PF,*, Me,PF;, and Me,PF,~
[369], or CF3SF,*, CF1S8F;, CFiSF4Y, CF\8F,, and CF,SF; [370]). Additionally, odd-elec-
tron species such as PF,", PF,", 8F;" and SFs" have been characterized by ESR and
studied by MO methods [371,372]. If all these intermediates, in furn, are capable of elec-
tron transfer reactions, then a multifide of reactive intermediates, of assorted geometry,
coordination number and electron count, are available for bringing abeut chemical trans-
formations,

Fluorinated cations are bridged in the solid state to neutral or anionic fluorides, as
illustrated by the structure of XeF, - XeF;- AsF, in which the cation XeFs* is bridged to
XeF, and AsFg~ [373). Cationic fluorine-bridged intermediates are responsible for rapid
bond cleavage in a variety of systems, such as dissociation of Xe,;Fy;* to XeF;" and XeFg
{374], or fluorine exchange in the PhyTeF,X-Ph;TeFX* (X =F, Cl, OH) system
{2,186,187].
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A rapid equilibrium between xenon oxyfluoride species in dilute HF solution [375]
presumably involves cationic fluorine-bridged intermediates,

+Cxetair)
XeO,F* +  XeOF, =*  FO,Xe-F-XeQ,F* (58)

Cxetmrey
and rapid cleavage of As—F—As bonds occurs when R;AsF, is treated with PF;s or BF;
(376).

*Caswreny
RyAsF, +  RjAsF* - R FAs—F—ASFR,* (59)

“Casaren

Qctahedral cis and trans isomers of a variety of main group fluorides have been re-
ported, including tellurium fluorides, e.g. cis- and trans-F,Te{OTeF;)y [377] and cis-
{CgFs),TeF, [378), and cis and trans sulfur fluorides [162,379], and related derivatives
[380-383]. The isomerization of geometrical isomers is catalyzed by Lewis acids, as
demonstrated by the SbF; catalyzed isomerization of frans- to cis-F;Te[CH C(CF;),00,
[384], or the SbFs;, PF; and BrF, catalyzed isomerization of #rans to cis-
Fy8[CH,C(CF;,01; [385]. In the catalyzed isomerization of cis- to trans-Ph,TeF,, the
cation PhyTeF,* 72 is assumed to be the chain carrier, converting cis-T1 to frans-74 via a
fluorine-bridged cation 73 [18], as shown in egn. (60).

Ph Fh Ph Ph B F I+ Ph
f, | £ 8m en cls-7t F I Fo reerm BN £ |

Yo 2 e = L = “lef e To
/ 7 MNo@
fh | F BF, Ph -cis7% F +COremry BB

F F F Ph F Ph

ois-74 72 73 72 frans-T4

A modest shortening (strengthening) of the fluorine—clement bond generally ac-
companies the formation of a cation, for example, the N-F bond in NF,;* (130 pm) [74] is
shorter than in NF; (136.5 pm) [386]. The CI-F bond in CIF;* (156,5-156.8 pm} is
shorter than in CIF, (157.0-174.3 pm), and the secondary bridging Cl--F bonds in CIF,*
{226.3-229.7pm) are also shorter than the secondary bends in tetrameric CIF;
(270.6-274.0 pm) [339,387]. A comparison of experimental and calculated bond lengths
in xenon and krypton difluorides shows that the Xe—F and Kr—F bonds are shortened by
16 pm in the cations XeF* and KrF*; this decrease in bond length is offset to a small ex-
tent by selvation, as illustrated by a bond lengthening of 1.6 pm in solvated cations
HCNXeF* and HCNK:F* [88].
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In view of the strengthening of E-F bonds in cations, their cleavage becomes more
difficult and alternative processes more feasible. Thus a carbon—sutfur bond is cleaved in
cation RSF,*, rather than a sulfur—fluorine bond, during the reaction of MeSF; or EtSF;
with arsenic or antimony pentafluoride [388]). This reaction is accompanied by an overall
reduction of 12-8-6 sulfur to 8-5-3 sulfur as cation SF;* and flucroalkane are formed.

-70°C 20°C
CHy8Fy + AsFg - CHSFAsFy —  SF* +  CHGF 61)

An analogous reaction of arsenic pentafluoride with trans-CF;SF,Cl gives the cat-
ien SF,CI* and CF, [389], and a carbon—selenium bond is cleaved as organeselenium({VI)
fluorides decompose to selenium(iV) fluorides and fluorocarbons, e.g. CF;SeF; to SeF,
and CF, [396]. Arsenic pentafluoride also facilitates the rapid reaction at —78°C of CF,IF,
to give IF,*AsFg and CF, [391].

Occasionally, the central element is reduced even though a Lewis acid is not delib-
eraiely added, as illustrated by the conversion of "Bu,BiF, to "Bu,BiF and "BuF, or the
conversion of CcFsAsF, to AsF; and C.F, at temperatures above —78°C [392], however, it
seems reasonable to prepose that bismuth(V) and arsenic(V) fluorides are sufficiently
strong Lewis acids to abstract a fluoride ion via intermediate 75 and generate a cationic
intermediate.

CeFshsFy Crstarry
CeFsAsF, = CFeAsFy~F-AsF CF, v CFAsF' + CgFg AsF;  » elc, (62)

In the presence of SiF,, the postulated bromine{V) species R,BrF, gives as the final
product a reduced bromine{IIl} compound R;Br*S8iF,, along with fluoroalkane [393], and
CH,IF,; decomposes to CHyF and IF in glass apparatus §22,376].

Tellurium-carben bond cleavage and reduction of a tellurium cation has been pro-
posed for the conversion of BuyTeMe* to Bu;TeMe, and for the reaction of a biphenylene
tellurium cation (CsH—CsHy ), TeCH, [211].

The details of the cleavage of carbon—element bonds in cations REF,*, as well as
the formation of fluorealkane, are not entirely clear but could involve, presumably, either
attack of a suitable F- or F* donor on the organic substituent, or a reduction of cation
REF," to radical REF,’, followed by interaction with a suitable ¥~ or F' donor,
Organofluecro cations REF,* can thus function as either R* or R° donors. Among the dif-
ficuities of identifying aryl-element cations is the rapid fluorination of the aryl group, as
well as the influence of traces of Lewis acids on the formation of these cations [394].

If both carbon—clement and fluorine—element bonds in a cation REF,* are suffi-
ciently robust, then alternative processes may prevail, such as the reduction of the Lewis
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acid. Thus arsenic pentafluoride is reduced by Te{CF;), to give arsenic trifluoride and
(CF;),TeF*AsF4~ [395]. Cationic species are reasonable intermediates in these reactions,
as postulated in eqn. (63).

AsFg AsFg CassyFcty
TolCFyly = (CFalTe-ASFy « (CFy)aTeASF,-F-ASF; w (CFglToASF,” — (CF ), TeF* + AsFy  (63)

*Coasmrm

The alkylating properties of a mixture of methyl fluoride and antimony pen-
tafluoride in sulfur dioxide, which generates the species MeF—SbFs, MeOSO* and Sb,F;~
[127,396], may be rationalized by a sequence of steps involving cationic and fluorine-
bridged intermediates, althongh the details of the methyl transfer step are not specified in
eqn. (64).

SbFs SbFs Csoisray S0,

MeF v MeF-SbFg v MoF-SbF,~F-SbFy w MeF-SbF,* (« SbF;} —

SbFg"
MeOSO*  +  SbF, = ShF,” (64)

The fluoromethane-antimony pentafluoride system, with its net transfer of R* to
sulfur dioxide, bears some resemblance to the difluorine—antimony pentafluoride system
and its transfer of F* to xenon under mild conditions to give XeFSb,F,,” [397]. A similar
mechanism, involving cationic and {luorine-bridged intertnediates, may be suggested for
the cleavage of the fluorine—fluorine bond in F,, as postulated in eqn. (65)

Sbf ShFg CsomiF() Xe
F, < FE-SbF; wFFSbF,~F-SbFy v FF-SF," (+ SbFg) w Xe-F-F-SoF,’

+Capsyres)
Ceayrey SbF
= XeF* + SbFs =  Sb,Fiy
*Crayry (63)

Oxidation of elementai sulfur and selenium by AsF; or SbF, is facilitated by the
presence of traces of halogens, Cly, Br; or §; [398], and oxidative-chlorination of CF;SCi
to CF;8Cl,* is carried out with either CL/AsF;, or CLF*AsF, in 30, [399].

If the cleavage of carbon—<clement bonds in cations REF,* is a reversible process,
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then the formation of carbon-element bonds may occur under those conditions which fa-
vor cationic intermediates. Indeed, tellurium—carbon bonds are formed under cationic re-
action conditions, i.e. (CgFs);TeF; to Te(CgFs)* [400), and the formation of a car-
bon—iodine bond occcurs in the reaction of pentafluorophenyldifluoroiodine with
tris(pentafluorophenyl)boron [401]. The formation of (C4Fs),IF could involve a cationic
intermediate, C.FsIF*, although details of the ary] transfer step are not specified in egn.
(66).

+Camry Cimrn Cef s'F2
CeFglfy +BICEFY, T CFJF-FBELFd; ¥ CFlF + BCFghF — (CFhiF st (66)
S +Cipriny

The recent synthesis of organoxenon compounds also occurs under reaction condi-
tions which favor cationic intermediates, sifice the reaction with xenon difluoride occurs
in the presence of a Lewis acid such as B{C¢F;}; [401,402].

An equilibrivm between main group fluorides of different oxidation states is occa-
sionally a rapid process, as illustrated by the behavior of arsenic pentafluoride and phos-
phorus trifluoride. At —130°C, the adduct F,P:AsF; is stable, but this adduct dissociates
between —130 and —78°C, and above —78°C only oxidized PF; and reduced AsF; ave pre-
sent [98). The multistep pathway of eqn. (67) postulates that only two fypes of bonds are
cleaved, namely, donor-acceptor bonds P™--AsY and PY—-As™ in the adducts AsFs:PF;
and PF5:AsF;, and fluorine-bridged bonds As--F--As and As--F—-P.

FFy AsFg -AsFg AsFg -AsF,

AsFg W& FPAsF v F PAsF,—F-AsF, - F,PASF* v F As-F-PF,ASF, v

PF, -AsFg +AsFg’ -AsFg” +heFg
AsFg -AsFg AsFg -AsFy -PFg

FP-ASF ™ FPASF-F-AsFy, ¥ FPASF," WhFAFPFAF; THFPASE, ™ Asky

-AsFg +PFg +PFg +AsFg woE,  (67)

A redox reaction also ocecurs between SbF; and PF; at room temperature, but the
reaction is complicated by further reaction of the products with SbF; [98].

A reduction of phosphorus(V) to phosphorus{IIl) is iliustrated by the conversion of
PhPF;H to PhPF, in the presence of triethylamine, and this reduction is accompanied by a
rapid phosphorus-fluorine bond cleavage process in the PhPF;H-PhPFH- system. As
outlined in eqn. (68), fluoride abstraction from the neutral hexacbordinated adduct
PhF;HP:NEt; can generate the anion PhPF,H -, and the latter anion then undergoes rapid
fiuorine exchange with phosphorane PhPF;H. Deprotonation of the cation PhF;HPNE;*
by triethylamine then leads to PhPF, and Et;NH®, eqn. (69). The overal] stoichiometry of
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eqns. (68) and (69) is well established, and the details of the fluorine exchange process
are in agreement with 'H and *!P NMR experiments {44]

NEly PAPF,H PhPF M
PhPFH *  PRFHP-NEY, - PHEHP-NEL® + PHPFE ¥ PhFHP-F-PEHPY  (68)
"NEt -PuPF,H “PhPFH
NEt,
PRFHP-NELS = PHPF, + ENH o« EtgN 69)

in a somewhat more complex systern, PhPF,HOMe—-MeQOH-pyridine, an NMR
study showed that cleavage of P-F, P-H and P-O bonds occurred, but attempts to meas-
ure the relative rates of bond cleavage were unsuccessful because of the limited stability
of the samples above 10°C [109,403].

The disproportionation of organophosphorus(IIl} compounds, i.e. RPF, to RPF,
and (RP), {404], or R,PF to Ry,PPR,; and R,PF; {405], is a method of forming phospho-
rus—phosphorus bonds. Hydrogen fluoride catalyzes these reactions [404] and, since hy-
drogen fluoride is known to form stable phosphoranes such as R,PHF; and RPF;H, these
phosphoranes are reasonable intermediates in disproportionation reactions. if the phos-
phorane forms a Lewis acid-base adduct PhPF.H:PPhF; which in turn loses a fluoride ion,
then a cation and anion would be generated in a process analogous to that of eqn. (68). A
different outcome is expected, however, because of the presence of P-P bonds in the in-
termediates, leading eventually to stable cyclic (RP), products. All phosphoranes and
cations are presumably solvated, and it is interesting that disproportionation of PhPF; is
faster in acetonitrile solution and leads exclusively to hexameric (PhP);, rather than pen-
tameric (PhP)s [406].

Organofluorosuifur cations are also implicated in the reactions of xenon difluoride
with alkyl sulfides or sulfur-containing amino acids er biotin [407,408). This reaction
prebably proceeds via a sulfurane R,SF, which is converted to the cation R,SF* by a
Lewis acid such as BF; {409}, or by contact with borosilicate glass [26]. Deprotonation of
the cation, followed by transfer of fluorine from sulfur to carbon, then gives the final a-
fnorinated product, FCH,S8R, eqn. (70). As in other cations, it is implicitly assumed that
the S-F bond in CHy(R)SF* is strengthened relative to the parent sulfurane, but this may
be accompanied by a weakening of the C-H bond (hyperconjugation) so that deprotona-
tion by base or fluoride ion can occur more readily via a bridged C--H-base intermediate.

XoF, BFy |, base

CH;88 —> CH,{R)SF, - é}{E{R)SF' = baseH" + CH:=8{RIF —> FCH,SR (70)

BF,
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Oxidative fluorination with xenon difluoride is carried out more effectively if the
salts are used, e.g. XeF*AsFg~, Xe,FitAsF[333] or XeF*SbF,~ [410]), Reactions of xe-
non difluoride are catalyzed by Lewis acids such as BF; and R,0:BF; [19,411], or
B(OR); [412]; some reactions are catalyzed by hydrogen fluoride, but since xenon di-
fluoride itself is stable in anhydrous HF, the effect of hydrogen fluoride must be less di-
rect and may invelve the formation of Lewis acids as a result of interaction with metal or
glass surfaces [18,26]. Those reactions of xenon difluoride that are catalyzed by hydrogen
fluoride are inhibited by flucride ion because of the formation of FHF [333].

Oxidation of xenon with AgF, is carried out in the presence of fluoride ion accep-
tors such as AsF; or BF;, and oxidation occurs, presumably, via cationic and solvated
AgF*. Undesirable precipitation of Ag' salts is prevented by ensuring that all reagents are
scrupulously dry [413].

2AgF, + 2BF, + Xe —  2AgBF, + XeF, (71)

The formation of ionic species in redox reactions of organoiodine halides is also il-
lustrated by the reaction of PhiCl, in acetonitrile, in which tin{lf} chloride is converted to
the stronger Lewis acid tin{IV) chloride [394].

SaCl, PhiCL, MeCN

PhiCl, ~> Pal + SnCl, —> PhICH + SnCiy — SnClg(MaCNy 72)

Somewhat paradexically, anions may be required for the synthesis of cations, as
demonstrated by the reaction of arsenic pentafluoride with cesium chloride [398). In this
reaction, a hexacoordinate adduct AsFCi- probably undergoes fluoride abstraction by
AsFs. A series of bond cleavages via halogen-bridged intermediates, accompanied by the
addition of Ci- gives, eventually, the stable preducts CsAsF, and AsCl *AsF, . If KBr is
used as a source of halide ion, then AsF; is reduced to AsF,.

6 AsFg + 4CsCl  — 4 CsAsFg +  AsCijAsFg (73)

Fluorocations such as XeF* are formaily donors of F* in the synthesis of other
fluorocations, as illustrated in eqn. (74) [410],

XeF*AsFg + HRSR  —  RSF ASF, + Xe (74)

but a direct transfer of F* via intermediate R,S—~F-Xe* is unlikely for the reasons dis-
cussed above, namely, a strengthening of E-F bonds in cations as compared to the neutral
fluorides. If that is the case, then cleavage of a xenon—fluorine bond during oxidative
fluorinations may require & further change in coordination number or electron count, per-
haps involving an electron transfer process. Free radicals have been detected by ESR un-
der conditions where flucrecations are also present, for example, the NF," * radical cation
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has been observed during the decomposition of NF,* saits [414], and polyphenyl radical
cations have been observed during reactions of xenon difluoride with aromatic com-
pounds [19,415]. Radical intermediates have been postulated for the reaction of xenon
diflucride with P-O [416], Si-N and Si-S [417] compounds, and fluotination with iransi-
tion metal fluorides may also involve radical cations [418). Some fluorinations are postu-
lated to require successive electron transfer steps, as well as proton and fluoride ion trans-
fer [419].

A quantitative scale of the oxidizing strength of a variety of oxidative fluorinators
has been developed recently. The oxidizer strength depends not only on the number of
fluorine ligands and the oxidation state and electronegativity of the central atom but also
on the presence of free valence electron pairs on the central atom and the geometry of the
oxidizer [420].

{iii} Cdd-electron intermediates

Substantial changes in bond strength often accompany a change in electron count as
ions REF,* or REF, are converéed to a radical REF,". Such appears to be the case in
organofiuorosilanes, where a silicon—carbon bond remains intact despite the rapid cleav-
age of bridging Si--F--Si bonds in systems containing RSiF;, RSiF,~ and RSiFs> [17].
Many hexacoordinated organofluorosilicates RSiF¢2- are stable in aqueous and non-aque-
ous solvents, but rapid silicon—carbon bond cleavage does occur under mild conditions if
one-electron oxidizing agents are added, such as Cu!, Agl, Pa!, Hg!, Hel, TI'E, Bi'l, and
N-bromosuccinimide {58,421].

Electron transfer from RSiFs? to tetracyanoethylene (TCNE) has been investigated
by electron spin resonance, which confirms the presence of the TCNE "~ radical anion, but
RSiF; '~ was not detected [422]. Although a fluorine-bridged intermediate may facilitate
the electron transfer process, the fluorine ligand is not transferred and the electron affinity
of TCNE is evidently greater than its fluoride ion affinity.

RSIFZ + (NC),C=C{CN), ** [RSIF;-TCNEP ¥ RSIF;" + TCNE™ (75)

Organopentaflucrosilicates behave as a typical source of R™ and give, under various
conditions, coupled products R-R, protonated products RH, organoelement derivatives
R,Hg, R;Sb or R;Bi, and halocarbons RX {58,423], and these results provide additional
support for the existence of intermediate RSiF; -, A study of the stereochernistry of
bromination at carbon in norbornylpentafluorosilicates suggests that Br- or Br’ attacks
RSiF, -, with inversion at carbon, but this process is accompanied by cleavage of the sili-
con—carbon bond to generate R* and SiF~, with racemization at carbon j424].

The fluoride-induced weakening of a stable silicon-carbon bond in organocsitanes is
thus seen to be a multistep process involving distinet silicon species, RSiF,, RSiF;,
RSiFs*, and RSiF" -, as shown in egn. (76).
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F F -2
ASF, — RSF, — RSFF -  RSFS - e (76)
8-5i-4 10-5i-6 12-5i-6 11-8i-6

Silicon—carbon bond cleavage in RSiF; occurs under mild conditions in the pres-
ence of Me;NO [425]. The cleavage of a methyl-silicon bond and the formation of meth-
ane at 0°C in high yield takes place in the presence of diols such as 2,3-dihydroxynaptha-
lene [426), as shown in eqn. (77), and some of the mechanistic features that accompany
the weakening of a Si-C bond can be gleaned from this reaction; higher coordinate silicon
intermediates, acyclic-cyclic equilibria involving 5-center steps, eleciron-detocalizing lig-
ands, and hydrogen-transfer reactions.

Me
53 / .
CH&?ICHzNCmHa + HO OH — fiCHZNHC4H8 + 2MeOH + CHy

MeQ
HE OH = Hg@@
H

A change in electron count is accompanied by significant changes in geometry and
bond lengths, for example, there is an average lengthening of 8,3% in the axial and equa-
torial P-F bonds in frigonal bipyramidat PF; (153.4-157.7 pm) [76] as rectangular py-
ramidal PF;"~ (164—173 pm, calcd.) is formed, and the unpaired electron resides in an
apical position, according to ab initie calculations [427). The loss of a fluorine atom from
PF; is calculated to result in an average lengthening of only 0.7% as PF,’
{154.1-159.2 pm} is formed. For the fluorophosphoranyl series H,PF', _ , calculations
show that fluorines prefer axial sites and hydrogens prefer equatorial sites, and there is
progressive contraction of the P-F bonds with increasing fluorine substitution, as also
observed in flucrophesphines and fluorophosphonium ions [428). In these flucrophospho-
ranyl radicals, the efectron resides in an equatorial site, but with aromatic ligands the un-
paired electron may be centered on the ligand [429]. Calculations of odd-electron fluo-
rides of the main group elements show geometries which usually are close to those pre-
dicted by VSEPR theory, with the unpaired electron occupying the same position as does
a Jone pair of electrons [371].

Without electron transfer, the effects on silicon—carbon and silicon—fluorine bond
lengths with increasing fluorine substitution are known. For example, the silicon-carbon
bond in Me,;SiF (184.8 pm) is shortened by 1.1% in the wriflucro derivative MeSiF;
(182.8 pm) [430], and ab initio calculations indicate a lengthening of the silicon—carbon
bond, up to 5.5%, atong the series CH,SiF; (185.6 pm), CH;SiF; (189.8 pm) and
CH;SiF2- (195.9 pm), with a lengthening of the silicon—fluorine bond, up to 8.7%, along
the same series, CH;SiF; (165.2 pm), CH,SiF;~ (169.8-176.0 pm) and CH;SiF?-

an
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(176.0-179.6 pm) [431). These differences in bond tength are presusnably correlated with
the bond length/strength in the bridged intermediates where bond cleavage occurs.

The apicophilicity of ligands in phosphoranyl radicals is similar to that in phospho-
ranes, and five-membered rings are attached to axial and equatorial sites {429]. An ESR
study of the stereoisomerization of a 9-P-4 phosphoranyl radical, containing a per-
fluoropinacol ligand, has been reported [432].

Odd-electron intermediates are involved in the cleavage of other carbon-element
bonds under mild conditions, for instance, the carbon-iodine bond, ~213 kJ moi-! {433)
is cleaved at room temperature if suitable nucleophiles and electron donors such as nitro-
nate, thiolate, malonate and sulfinate are added to perfluoroalkyl iodides and alkenes
[434,435].

Nuer’ ~Nuc -F R,C=CH,
Rl + v [Re-Nugf @ R." w Re =  ACRCR, * e (78)

Perfluoroatkylation also occurs in the presence of electron mediators such s zinc-
methyl viologen or enzymes [436]. Similar reactions are initiated by UV irradiation, elec-
trochemically, by peroxides or azo compounds {437] and by copper [438], but without an
initiator, reactions of perflucroalkyl iodides with oletins generally require temperatures in
excess of 160°C.

Trifluoromethylation with CF;Br occours under mild conditions in the presence of
the radical anion SQ; -, and the source of the latter species is either Na,8,0, or SO, and
zinc [439). The reaction of CF;Br can also be carried out with electrochemically-
generated radical anions {440}.

+Car(1}3{2) 'CC{a)arm
CFSBI' + 802" - FQC--Br-SOZ" - CFS’ + BFSOE‘- - efc. (79)
Ceiys) +Commry

Electron transfer between difluorodihalomethane CF,X; and zinc and cadmium
metals, and the formation of a radical anion CF,X; ", has been proposed as the first step
in the preparation of (triftlucromethyl}cadmium and -zinc reagents {441], and the subject
of one-electron transfer reactions in the redox chemistry of main group compounds has
been reviewed [442]

In some reactions, the perfluoro anion (CF;),CFQ- behaves as a typicat fluoride ion
donor, but the anion can also be a source of fluorine atoms in the oxidation of certain
phosphorus(1II} compounds, as illustrated in eqgn (80) This reaction is accompanied by
dimerization of the hexafluoroacetone ketyl {CF;),CO "~ and fluoride ion transfer to give
(PFP)PF, as the final product, hence, the overall reaction involves transfer of both F'
and F- [303]
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F
@ +Crespyy Cospa) | F

FPRF + ((F) R0 —= (PRFPR-OICRLD — +—p + ({(FP00™ we e (83
“Crowr +Coppm o

b Jac
‘écc'(,),

Fluoro substituents can stabilize free-radicals of the main group elements, e.g.
{CF;pNO [443] or cyclic-CF;CSNSCCF, [444], and direct addition of a radical is a
common way of generating neutral odd-electron intermediates [445,446].

+csq3)0(1}
Me,Sis  + CF,C{O)OMe - Me,SiOC(OMe)CF, @1
“Csimor)
*+Cogson
FBUO» + (tBUO),P == (+BuO),P» —  (FBuO)PO + tBU- {82)

Cemom

Fluoroanions AsFg-, SbF;~ or 8b,F,;~ are stable towards radical cations such as
Oy, Bryt, LY, CoFgt, CsHsN* [447-450] or cyclic-CF;CS8SCCF,* [451]), and AsFg- is
stable during the oxidation of Te[N{SiMe:),], to its radical cation [452].

N-Fluoropyridinium salts are convenient sources of F* and have fonnd wide appli-
cation as electrophilic fluorinating agents. Their reactions parallel those of other oxidizing
agents, for example, organosnifur compounds and amino acids underge a-fluorination
with either pyF* [453] or XeF; [407,408]. Although pyF* is formally a F* denor, the in-
creased N-F bond strength in fluoroniirogen cations [74] argues against a direct F* tzans-
fer reaction, instead, a single electron transfer from a suitable electron denor may be re-
quired before a weakened N--F-E bond can be cleaved [454], as postulated in egn. (83).

+Comer Cemry Byl ooy

AL + Fpy' ™ RC-Fpy v RCe + Fpye T RCF-py v RCF 4+ py ™ i (83)

Ceeyem +Comyra +Comeey

A recent study using an ion rap mass spectrometer has shown that a halogen cation
radical Cl,”* will accept an electron from a donor such as benzene [453).

cL* +  CgHg - ClCgHg™r v CeHg™ + O (34)
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{iv} Solvated intermediates

If a solvent interacts weakly with all reactants and intermediates, then rates in solu-
tion are expected to be very similar to those in the gas phase [456]. If the solvent interacts
weakly with an anion, then the reactions of the anion will closely resemble those in the
gas phase, as demonstrated by the similarity of the reactions of fluoride ion with silicon or
sulfur compounds in selution or in the gas phase [68,457]. For solvent adducts of moder-
ate strength, the solvent must participate actively in the overall mechanism by stabilizing
and dispensing key intermediates.

Equilibria involving the solvent can be monitored conveniently by NMR. For ex-
ample, the TH NMR spectrum shows that the equilibrium of egn. (85) is shifted to the
right as acetonitrile is replaced by the less basic solvent chloroform, but both of these sol-
vents compete less effectively for the hydrogen bond than the anion FsTeO-, which forms
a relatively stable hydrogen-bonded adduct F;TeO-H-OTeF; [458].

“Crenpn
FsTeOH-NCCH, - FsToOH  +  CHCN 5)

+Crpnmrn

Krypton difiuoride, a powerfisl exidizer {459], can be stabilized as a solvated cat-
ion, HCN-K1F* [460], and loss of 12%Xe-1N coupling in nitrile adducts of XeF* above
—-30°C, in the case of the less basic perfluoroalkyl nitriles C,FsCN and C,F,CN, is a
measure of the weakening of the Xe—N bond in these solvated cations [461].

“Cxe(tNg

N + - RC=N
RC=N-XefF XeF* + (36)
+Cyetningy

R=H, R, R,

That perfluoropyridine forms an adduct with XeF*, ie. C;FsN-Xe-F* [462], un-
derlines the view that fluorocations are poor F* doners, because XeF* does not transfer F*
to pyridine even though pyF* is known to be a stable cation. Evidently, any fluorine-
bridged intermediate such as C;F N--F-Xe* must be cleaved consistently at the weakest
N--F bond, but C;F;N—XeF" is sufficiently stable to be observed in solution.

Ethers and other basic solvents can regulate the concentration of Lewis acid cata-
lysts such as BF, by means of dissociation of the adducts base:BF; [3], and equilibrium
concentrations of stronger Lewis acids such as antimony pentafluoride can be maintained
in sulfur dioxide solution by dissociation of the octahedral adduct SbF5:0SO [463]
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Caaom
F,B-OR, = BF, + R,Q (87)

+Caao0)

Solvents also stabilize odd-electron species, for example, the SO;F~ radical [464],
which can be observed in liquid, gaseous and solid phases, forms a hydrogen-bridged
radical in a fluorasulfuric acid solution of bis{flaorosuffuryl)peroxide [465}, eqn (88). An
analogous hydrogen-bonded anion, Q,FSO-H-OSFQ;" is also known [357).

+Copmg;
SO,F+ + HSO;F ¥  [O,FSO-H-OSFO,I =  HSOFf + SOF-

(88)
Lo

(v} Ring cleavage, —C°

The cyclic fluorine-bridged silicate 76 is rigid at —80°C, but NMR studies show that
as the temperature is raised, the cleavage of bridging Si~F--Si bonds is accompanied by
rotation about the Si—C bond, as well as exchange of axial and eguatorial fluorines. In the
solid state, the fluorine bridge in 76 is unsymmetrical, with bond lengths of 189.8 and
206.5 pm, but the geometry about the silicon atoms is nearly trigonal bipyramidal with
two fluorines in axial positions {37].

. S-conte ] N
S\s!\’th 15 Csgar) SiPhF,
F -
@I{ q (89
g S.contar .
iPhF, "'03:4‘;1:(13 PhF,
76 7

The cleavage of phosphorus-oxygen bonds in cyclic five-membered ring organo-
phosphates is of interest because of the role of such intermediates in phosphate [244] and
enzyme [466] hydrolysis reactions. Often, however, the phosphorus—oxygen bond of cy-
clic or acyclic derivatives is fairly robust, as in pentacoordinate P(OR); or RP(PFP),, and
it is not always clear which mechanistic features are responsible for a2 weakening of the
phosphorus—oxygen bond. This problem has been studied in perfluoropinacol derivatives
such as RyP(OYOC(CF3),C(CF3),0H (R = Me, Ph). The methy! derivative is a hydrogen-
bonded dimer in the solid state, but deprotonation by bases such as triethylamine, pyri-
dine, imidazole or DMSOQ increases the solubility in organic solvents and shifts the equi-
librium of eqn. (90) towards cyclic pentacoordinated phosphorus [467]. A variable-tem-
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perature 1F NMR study of the pyridine-catalyzed equilibration of trifluoromethyl groups
in the phenyl derivative, gave the following reaction parameters: AH+ = 33.5 kJ moi! and
AS*=-86 J K-l mol-! [468).

o~ OH
I -upming
. 3 0 +Ceaom R\I BH° R..__‘|
Dimer » monomer ew RPOCKELCCF),0 a——> -—F—0 - R__,p—o
BE <oe | W 5] e o)
O —Aczy, (s AN
7 ™ "

The low reaction enthalpy of 33.5 k] moi~! implies that only weak bonds are
cleaved in the equilibrinm of eqn. (90), and these weak bonds are assumed to be hydrogen
bonds, i.e. protonation-deprotenation and monomer-dimer equilibria, and a weak P-O
bond in intermediate 79 that is specifically assigned to an axial site which is trans to a
phosphoryl substituent. The selective cleavage of such a trans P-O bond was demon-
sirated more ciearly in the analogous Ph,P(OYOCH,OH-base system, where the retention
of the ABCD proton spectrum of the catecholyl ring during rapid equilibria provides
strong evidence for the selective cleavage of this frans P-O bond [469]. Although reac-
tions of organophosphates in organic and biochemical systems are complex multistep
processes, some of the important mechanistic features can be identified in these model
systems, namely, rapid five-center ring-opening and ring-closing steps, selective bond
cleavage of weakened P--O bonds, equilibria between four-, five, and possibly six-coordi-
nate phosphorus species, and protonation-deprotonation that is coupled to cyclic-acyclic
equilibria.

Deprotonation of hydridophosphoranes containing a perfluoropinacol ligand leads
to anionic 10-P-4 phosphoranide 81, and the rapid cyclic-acyclic equilibrium of egn. (91)
then interconverts 81 and 82. The phosphoranide 81 has a TBP structure with a lone pair
of electrons in the equatorial plane and two unequal axial P-O bonds, with one axial P-O
(202 pm} bond being 4% longer than the other axial P-O (177 pm) bond. The longer
P—O bond is hydrogen bonded to the cation Ef;NH* in the solid state {470].

p 1 -
S-canter
EtgN ' “Cr@on
Y
P

(PFPLPH = -

soise
Et;NH* @ +Cpraoin &/ ‘
0

81 82 ﬂ = PFP

- gl ©n
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Phosphoranides with the tigands CH,C{CF;},0, OCPh,C(OYO or OCR;CR,O
[203,471-473] undergo similar five-membered ring equilibria. Unequal axiat bonds are
found in PCl,~ (211.8 and 285.0 pm) [474] and in PBr,” (252.7 and 262.0 pm) [475] in
the solid state.

The close connection between protonation-deprotonation and cyclic-acyclic equili-
bria is fusther demonstrated by compound 83, in which protonation of the oxy-
gen—antimony bond leads to ring opening [476]. Protonation of the cyclic silatrane 84
tengthens (weakens) the axial silicon—oxygen bond by up to 17 pm, but shortens the sili-
con—nitrogen bond by 10.2 pm, as compared to the unprotonated analogue [477]. A
lengthening of the protonated Si-N (189 pm) bond is also observed in 85, as compared to
the remaining equatorial Si-N (ave 169 pm) bonds or axial Si-N {173 pm} bond [478].

CF); 17 Et  H-OCOXF,
{l) \Or' H
O3 U3
R N<’)
83 84

Cleavage of a silicon-nitrogen bond in silatranes XSi{OCC),N is acid catalyzed
{479]. Protonation and ring opening is also observed in the acid-catalyzed cleavage of
catecholyl derivatives of silicon [480] and in the acid-catalyzed hydrolysis and reversible
ring opening of the spirophosphorane PhP{OCMe,CMe,0); [481].

Cyclic-acyclic equilibria provide a low energy pathway of stereoisomerization, and
recent examples include compounds of silicon [482], antimony [483], bismauth [484] and
iodine [485]. The rate of de-methylation of five-membered-ring methoxysulfuranes has
been investigated [486].

Deprotonation can be induced by the addition of fluoride ion, as itlustrated by the
effect of fluoride ion on the solubility of succinic acid, Each fluoride ion dissolves one
additional succinic acid molecule and forms a linear OH-F-HO hydrogen-bonded system
[487). Phthalic acid dissolves completely, but two fluoride ions are required per phthalic
acid molecule, and an intramolecularly hydrogen-bonded anion is formed [488].

CeHACOOH), + 2F  —2  CgHJCOOLH +  FHF 92)

Equilibria involving five-membered rings have been used to estimate the stability of
pentacoordinated silicon chelates, and to establish the site preference of ligands in a trig-
onal bipyramid, i.e. apicophilicity. The details of the trajectory of bond formation, as weill
as relative bond strength, can be probed experimentally in fluorosilanes such as 86, where
chelation places a nitrogen donor atom in an axial site in trigonal bipyramidal 87, as
shown in eqn. (93). An apicophilicity series was established for these intramolecularly
coordinated compounds: H < alkyl < aryl < OR, NR; <F ~ SR <Cl, OCOR. It was also
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demonstrated that, except for hydrogen, the stability of a pentacoordinated chelate of sili-
con is primarily related to the nature of the most apicophilic ligand in the trans position;
hydrogen, however, preferentially occupies an equatorial site [489].

Scenker
+Csiame
SiR,F _—

S-cenker
Csianes 3
NMe,

86 87

With a chiral lipand, ring-closure generates non-equivalent fluorines in 88 and 89,
and the low temperature °F NMR spectrum of rigid 89 shows three fluorine signals,
while the 'H NMR spectrum shows two N-methyl groups. As long as the nitrogen atom is
coordinated at silicon, the two methyls are diastereotopic because sapid inversion at the

nitrogen is now hindered.
. . oe
| _#® Me,N
5 €2
q I\Me q |'\F°
-MeD Me” ™ N-McP NMez
\MeB
88 89 %

As the temperature is raised, the axial and equatorial fluorines in 89 become
equivalent (AG* = 54.8 kJ), but the barrier is lower than that responsible for equivalence
of the N-methyl groups (AG*=66.1 kJ). The corresponding barriers for 88 are
AGF=39KJ and AG*=49.4 k], respectively [489]. Typical energy barriers for silicon
compounds which contain a five-membered ring are given in Table 6. The higher energy
pathway is identified with cleavage of the silicon-nitrogen bond in the five-membered
chelate ring, while the low energy pathway is assigned to axial-equatorial exchange, and
the latter process presumably involves interaction with donor atoms, as discussed in a
previous section for the analogous intermediates D:R;SiFy~ and D:RSiF,;~. Six-coordina-
tion has been established in related silicon adducts such as 90, although the geometry at
silicon may deviate considerably from that of an ideal octahedron [490], however, the
silicon atom is in an octahedral environment in the six-coordinate catecholyl derivative
(CsH40,);8i(CsH,CH,;NMe,). Even heptaccordination can be observed in cyclic silicon,
germanium [491] and tin adducts [492].
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TABLE 6
Axial-equatorial exchange and cleavage of five-membered ring in some silicore compounds

Compound Axial-equatorial Cleavape of five- Ref.

exchange membered ring

AG* (ki mol™) AGH (kI mol™)
Me,NCHaCgH,SiNpMeF 43.1 [489]
Me,NCH,CsH,SiMeHF 48.1 [489]
Me,NCH,C gt SiMeF, 37 (489]
Me;NCH,CgHy SiMeFCH 49.4 [489]
MeNCHMeCH, SiMeoF 0.6 (4891
Me,NCHMeCH,SiF; 548 66.1 (4931
Me;NCHMeCgH,SiF,Me 39 494 [489)
0-CgHa(SiPhF)F- 42.7 38 37

Cleavage of bonds in cyclic intermediates has been investigated by ab initio
caiculations which corroborate an open structure for the oxalyl fluoride adduct 91, but a
bridged intermediate 92 allows rapid fluorine transfer by an intermolecular route [494].

. S-center J-conter
Me,SiF, “Crinem R bt Crnew
F Y
FIOICCIONW > F{OICCOF aad FOIC—=C{OWF > FOCCIOF, (9 4)
- Jcanter 3-canter
-Ma,SiF, -cmm, ¢Cmm}
-4} 92

(vi} Analogy between F and H catalysis

Attentien has been drawn to the analogy between F- and H* induced reactions, as
illustrated by the chemistry of carbaniens and carbecations [495). Both F- and H- ions
add to boron compounds, i.e. 1,8-bis{dimethylborylinaphthalene, to form five-membered
rings containing B--F--B or B—H--B bridges [496], while H* adds to the Lewis base ana-
togue, i.e. 1,8-bis(dimethylamino)naphthalene and forms a N--H--N bridge [457] Fluoride
and hydride ions both add to organosilanes to generate pentavalent silicon anions [498],
and the fluore- and hydridesilicates undergo similar reactions in solution and in the gas
phase [314,499]. SiH; has been characterized in the gas phase and hydride transfer
among the silanes closely resembles fluorine transfer among the fluorosilanes and
fluorosilicates, as illustrated in egn. (95).

+Cayaurn sy
EL,$iH, + SiH, - Bt SiH-H-SiH,” ~ ELSIH + SiHg (95)
CaitayHsy +Csyamn

Hydrogen compounds may be classified formally as H-, H*, H', or e donors and
acceptors, analogous to the classification of fluorinated compounds. The phosphorane
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(Cetl~CsH,),PH, for example, can lose its hydrogen as a proton, a hydride or a hydrogen
atom, with each species opening up its unique reaction pathway [500]. Hydrogen-bridged
species are reasonable intermediates in all these reactions, and hydrogen-bridge bonding
can show considerable variation, with bond strengths varying from <30 kJ moi- to
>50 kI mol™! and, in some cases, greater than 100 ki mol-! [501].

Impurities also affect the study of proton transfer reactions, and the purification of
reagents, choice of solvent, and chemical treatment of glassware have been emphasized
on nurnerous occasions [502).

If proton transfer reactions are diffusion controled in the direction of formation of a
bridged intermediate, but slower and controiled by the rate of bond rupture as the bridged
intermediate breaks down, then the mechanism of hydrogen transfer may be very similar
to that proposed for fluorine transfer.

+Crapmpny
NH, + NH - HN-H-NH,* (96)

“Crtag1)

The effectiveness of F and H catalysis may be related, at least partly, to the weak-
ness of the bridging bonds, E--F-—-E or E--H--E, as compared to the terminal bonds, E-F
or E-H. A bridged intermediate provides a means of rapid transfer of fluorine or hydro-
gen substituents, but any subsequent intermediate contains only terminal E-F or E-H
bonds. Since the latter are among the strongest single bonds, the focus of reactivity is
naturaily directed elsewhere, until another bridged intermediate atlows loss of a fluorine
or hydrogen substituent, thus completing the catalytic cycle.
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