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ABSTRACT 

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 series of elementaty steps of bond formation 
and bond dissociation, using the coordiion model of reaction mechanisms as orgaGng principle. 
Included in this review is an analysis of the stereochemical behavior of pentacoordin molecules, as well as 
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a discussion of the rote of impurities, anionic, cationic, Bee radical and fluorine-bridged intermediates, end 
ff uoride-induced reactions. 

NOTATION 

TBP 
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PFP 
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eq 
E-D 
E--D 
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trigonal bipyramid 
rectangular pyramid 
perfluoropinacolyl l&and 
axial substituents 
equatorial substituents 
stable bond at -25°C between main group element E and atom D 
weak bond between element E and D which is cleaved rapidly at 
-25°C 
abb~~~ed as +C; increases the creation number of elements 
M~dNbyl,~rn~to~+l~d~to~+l. 
abbreviated as -C; decreases the coordination numbers by 1, from 
m+ltomandn+lton 
abbreviated as +Cc; increases the coordination numbers by 1, via 
a cyclic n-center step 
abbreviated as -Cc; decreases the coordination numbers by 1, via 
a cyclic n-center step 
valence electron count and coordination number of element E; for 
example, silicon in SiF, can be designated as 8-Si-4 [6] or, alter- 
natively, as L404-Si [7], Sirv(4) or Si*(4), and the reaction of SiFd 
with bipyridine changes silicon from 8-Si-4 to lo-Si-5 and to 12- 
Si-6. 

A reaction mechanism attempts to identify, with greater or lesser success, those in- 
termediates and pathways that transform a rea&ant 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 19F 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 [ 1 ]. 

This review is organized around the elementary steps of bond formation and bond 
dissociation, and a rnu~~ reaction path then consists, p~s~bly, of a ~~~~~i- 
tally allowed sequence of these elementary steps. The notation of the aviation model 
of reaction mechanisms [23 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, +CY, -Cc, where +C and -C refer to intermolecular steps, and +Cc and -CC 
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 c#rd~~on munber operators, +C, -CT, +G, -Cc, as illume by the reaction 
of silicon tetrafluoride with bipyridine to give.a hexacoordmate adduct, SiF&py). 

1 2 

F F - 
3 4 

Since the fo~ation of Sloppy) 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. +Csi(~)u~~~, and the 
second step is a cyclic intramolecular step, +C@&, 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) 
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The coordin~on model has recently been tested ma~emati~lly [3] by carrying out 
kinetic s~ulations of pathways P(X,c) 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 satisfactorily for the following experimental details, at least in a 
semi-quantitative manner: the formation of base:BF3 is a biiolecular process with rate 
constants in the range 10s to lOto M-l s-l; rates of reaction of base:BFs are inversely pro- 
portional to the gas phase enthalpies of dissociation; equilibrium data for BF3-base sys- 
tems; two modes of exchange in BX3-base systems involving both halogen and base ex- 
change; the boron cation (ammehBF2+ is an elusive species although, once formed, it is 
stable even in water; the formation of mixed base adducts such as (~~~~e)BF~+ 
depends on the order of addition of base; and the formation of chelated boron cations, 
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W-Wb+, occurs in some cases, but not in others where only acyclic products, 
FsB:N-N:BFs, are formed. 

This model allows chemical reactions to be analyzed in a systematic manner by, 
firstly, ~~~~g a pathway P(.,C’) which defines each elementary step and specifies 
the co~ectivity 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 all proposed pathways P(X,,c) [3]. 

As an illusion of this approach, the reaction of pyridine and boron ~fluoride can 
be described by the sequence of steps outlined in eqns. (2)-@). Simple adduct formation 
of py:BFs 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)--(S), and slower exchange of base by 
eqn. (2). 

py + BFs + py:BF, 

py:BFs + BFs = py:BFz--F-BFs (3) 

py:BFz--F--BF, s py:BF2+ -I- BF,- 

py + py:BF2+ G= py2BFif 

(4) 

The m~h~isrn of eqns. (2)-(5> consists of nine species and four steps and its 
graphical representation is pathway P(9,4). 

-+--==--------*.a__ I_____ --_‘--il 

-%wwl -%WV, +%m -cetswz 
PY PY:BF:, py:l?Fz-F-BF3 py:w,* PY$F~+ 

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 ~~ion~on~oll~ value of about lo9 M-r s-t, while 
rate constants associated with bond cleavage, -C, are estimated &om bond enthalpy data; 
however, experimental bond enthalpies are not available for the fluorine-bridged inter- 
mediate, py:BF2-F-BF3, and ab initio molecular orbital calculations are therefore helpful 
in estimating the relative bond length/strength of the two bridging bonds. Once rate con- 
stants have been assigned to all Cs, then the kinetic s~ulation of pathway P(9,4) is a 
straightforward task and gives the concentration versus time curves on which thrther 
analysis and prediction is based. 
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The assumption that intetmolecular (bimolecular) steps, +C, are diflkrion con- 
trolled with rate constants of about lo9 M-l s-t 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 ~te~~~ are readily available in rn~s~ ~ilib~~ 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 a minimum set of coordination numbers formally limits the selection of co- 
ordination numbers for each system. For the pyridme-BFs 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 products is of minor consequence, but in other systems, even the 
weakest ~~~~on is ~~~~ as in the low temperature (-25PC) fo~~on of adducts 
CH&?F or CHsF-HF [S]; for the latter systems, the minimum set of coordination num- 
bers is F(1) F(2) H(1) H(2). 

In this article, slow, fast, rigid, non-rigid or fluxional 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 otkn too rapid for di- 
rect NMR study. In the majority of examples discussed in this review, bond cleavage 
occurs under mild thermal conditions, at either ambient or lower temperature, and an 
attempt is made to hi~li~t those bonds, E--D, that are sufficiently weak to be cleaved 
spon~eo~ly at 25% or less, and we assign, somewhat arbitrarily, a bond strength of 
E-D < 100 kJ molt and E-D > 100 kJ mol-t . 

Short-lived complexes may be designated in various ways: van’t Hoff, van der 
Waals, 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. 
> lo-l3 s. In some cases, lowering the temperature or trapping the reactive intermediate in 
a rigid medium permits identification, but in other situations, such as a diffiion-con- 
trolled step followed by a rapid in~olecul~ 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 classification of elementary steps of a reaction pathway. 

B. 1MFWRlTIES AND CATALYSTS 

A century ago, Baker emphasized the influence of moisture on chemical change, 
thereby initiating the controversy about “intensively dried” liquids 181, and Euler 
launched the view that catalytic effect is always due to an increase in the concentration of 
reacting ions [9]. The classical extent of Bod~~in on the ~orn~s~on of hy- 



360 A.F. Janzen / Coord. Chem Rev. I30 (1994) 355-426 

drogen iodide were, according to Taylor, influenced by the glass surface and slight traces 
of oxygen [lo], 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 [ 1 I]. In 
1926, Moureu and Dutiaisse wrote that the discovery of traces of impurities and the study 
of tbeir influences will give us a true ~de~~~g of a multitude 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 borosilicate glass 

Most main group fluorides are susceptible to the effects of water, alcohols, hydro- 
gen halides and glass surlbces, as emphasized continually in the literature of fluorine 
chemistry, e.g. f13], and early studies of fluorine exchange found that impurities grossly 
perturb the rsF NMR spectra. Pa~s~g pupation was often needed to obtain com- 
pounds of suffkient purity for NMR ~ve~~tion, 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 while 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 HzO, HP and 
MeSiF, was added because rapid exchange occurred via a fluorine-bridged intermediate, 
and the role of H20, I-IF and MeS& was to increase the concentration of the bridged in- 
termediate [ 16,171; a ~~dabo~ way of detecting ~p~ties, but once id~ti~~ they are 
relatively easy to neutralize or eliminate. 

M&iF,- M&iF,‘ MeSiF,’ 

ti,o * HF p* MeSiFs w MeF,Si-F-SiF,Me- (6) 

MeSiF,OH- FHF- -M&IF; 

The HzO-HF-glass system introduces a variety of catalytic species, includiig boron- 
and silicon-conning Lewis acids which are essential for the cleavage of element-fluo- 
rine bonds via ~uo~~b~dg~ ~~~~iates. 

HF F F SiFi SF4 

$30, * SIF, ‘# SlFi + SlF6= + F~C-F-SIFs~ @ SlF,2- + SIF, Fa 6tc. 

l-L_,0 -F -F -SIF,‘ -SiF4 

(7) 

Some reactions, such as those of xenon difluoride with o~~o~~~~(I~ com- 
pounds, do not proceed in Teflon apparatus unless a glass surface is exposed [I 8JOtber 
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reactions of xenon di~uo~de are carried ant with added Lewis acids or in the presence of 
HF, or BF$OEtz in glassware [19]. Fluorination of some compounds is accompanied by 
decomposition if carried out in glass, e.g. CH$Fs to CH,S(O)F [20,21]. Methyl- 
difluoroiodine reacts slowly with glass [22] and xenon difluoride is unstable when stored 
in acetonitrile in a glass container [23], but exceedingly rapid hydrolysis reactions oan be 
moderated by using SiOz, combined with a trace of HF, as a some of water [24]. Borates 
and silicates are invariably present in HzO-HX-glass or ROH-HX-glass systems [Z], and 
strong Lewis acid catalysts are therefore always potentially available in these systems. As 
a result, some reactions of organic and inorganic halides, although formally classified as 
Snl processes, may be catalyzed by HzO-HX-glass or ROH-HX-glass systems 1261. 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 NOBF4 and 
(NO)$iF~ [27], or the reaction of &echo1 with silica or quartz under basic conditions to 
give the silicate Si(O$J&),- [28]. The photochemical synthesis of xenon difluoride from 
xenon and fluorine in a Pyrex reactor is accelerated by the addition of small amounts of 
hydrogen fhroride [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 r9F NMR is aided by the 
characteristic r*BF4-/roBF4- pattern. The AZ% and AzBC 19F NMR spectra of rigid ad- 
ducts of SiF4 and bipyridine, phen~~ol~e or 4-fluorobipyridine allow identification of 
small ~0~~ of SiFd 1261. For the palace detection of trace ~0~~ of fluoride, ion 
chromatography and the Alizarin Fluorine Blue-lanthanum procedure have been recom- 
mended, the latter technique yielding a detection limit of 40 ng 1-r (0.025 ppb) [3 I]. From 
conductivity measurements of hydrogen fluoride, water concentrations down to 
1.85 x 10d mol dn~-~ (0.033 ppm) have been measured, and the effect of acid and SiO;! 
imp~ities on the conductivi~ of HF has been studied 1321. 

Purified te~apropyl~oni~ fluoride can be made by the ~-neu~li~tion of 
“Pr,NOH, as monitored with a pH meter, and its purity checked indirectly by the ‘% 
NMR spectrum of MeSiF4-, which is a sensitive indicator of the presence of traces of HF 
or Hz0 [ 161. Purified tetramethylammonium fluoride has been used in the preparation of 
fluoro~ions such as XeFs- [33], CIFb- 1341, TeFs2- and IFs- [35]; slow reactions of 
Me4NF with organic solvents do occur, including proton abstraction from acetonitrile and 
halogen exchange with chloroform and, to a lesser extent, dichloromethane [36]. 
Convenient sources of fluoride ion also include anhydrous spray-dried KF [37] and KF 
solubilized by 1 I-crown-6 [3 81. 

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 small amounts of sili~n-ni~ogen 
compounds [39] or ~iphenyiphosph~e irnines [40,41]; hydrogen fluoride and hydrogen 
chloride may aIso be complexed with base, e.g. DMSO:HCl[42], PhsP&HF [43], FHF 
or E$N(HF& Slight changes in experimental procedure can sometimes moderate the ef- 
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feet of impurities, as illustrated by the addition of a small quantity of PhPFz to the 
PhPFsH-PhPFdH- system, which ensures that any water and HP is converted to 
PhP(O)HF and PhPFsH [44]. Adding a slight excess of fluoride ion slows down exchange 
in PhSiFs2- by ensuring the absence of PhSiF4- and PhSiF3 [45], similarly, excess fluoride 
ion stops exchange in XeFs- [33] and (CF&GeFd2- [46], and exchange in the 
SiF,--SiFs2- system is stopped by adding a large excess of ammonia because all SiFs- is 
thereby converted to the hexacoordinate adduct SiF@Hs)- [ 171. 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 ZWialkyl- 
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 imidazole at silicon, or introduction of a bulky t-butyl sub- 
stituent at silicon to prevent the attainment of higher coordinate silicon intermediates 
[47,48]. Although the H20-I-IF-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 I-IF, 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-H-F - 

I 114 pm [54] 

IF\ ‘- / ‘H- 138-139 pm [51] 

‘F 93-94pm 

\ 
265 pm (0-P) 1521 F-BF, 

\F 96 kJ 1551 / 
385 kJ [53] 

163 W [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]. Fluoride ion binds rela- 
tively weakly to water (96 kJ), as compared to hydrogen fluoride (163 kJ), and this differ- 
ence can explain the fact that aqueous solutions of alkali fluorides are suitable for the 
preparation of organofluorosilicates, 

CH$iFs +2KF H20 ) Kz [ CHsSiF,] (8) 

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

(NH4)2[CH3SiFS] + 2HF + CHsSiFs + 2NH&IP~ (9) 
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Aqueous potassium fluoride has been used for the preparation of K2[CFsGeFS] [59] 
and it appears that water is less detrimental than hydrogen fluoride towards fluoride ion. 
Numerous other fluorinated compounds, however, hydrolyze rapidly in the presence of 
(H20),,F-, and hydrolysis is favored by the high bond strength of E-0 and E=O bonds. 

(ii) 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 in~~~~tions 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 BF3, SbzFII-, 
(XeOF&F- [60] and (macrocyclic ether)F- [61], respectively, and higher in the solid state 
[62], but it cannot always be decided which distant atom remains within a coordination 
sphere or which coordination numbers are relevant in solution. Comparable reservations 
apply, of course, to 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 &om analogous reactions carried out in 
the gas phase {68]. 

Molecular orbital calculation show good to excellent a~eement between experi- 
mental and calculated geometries of stable main group fluorides [69], as illus~ted in 
Table 1. These calculations accurately predict the site preference of fluorine versus other 
substituents in trigonal bipyramidal phosphoranes, arsoranes or silicates, e.g. [81,92-941. 
Experimental trends are reproduced, such as a decrease in Si-F and Si-H bond lengths 
with increasing fluorine substitution in silanes [73], or a small cis influence on the equa- 
torial fluorines in SFrBr [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. i-C AND +cc 

(i) Five- to s&coordination, +C 

Trigonal bip~i~ molecules are among the most sensitive indicators of bond 
formation because of the change in symmetry and Nh+R spin pattern that accompanies 
the formation of six-coordinate adducts or intermediates. Numerous six-coordinate ad- 
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TAE%LE I 

Comparison of calculated and experimental E-F bond lengths of element fluorides (pm) 

Experimental Ref. Calculated Ref. 

SiF4 
SiHzF, 
NF4+ 

PFs (g@) 

PF, (solid) 

P&P3 

PF4CI 

CF3SF3 

SF6 
IF7 

C#,bF-~C&- 

CF31-F-ICF3- 
XeF2 
XeF+ 

WzO)4- 

155.98 
157.7 
130 
157.7 ax 
153.4 eq 
158.0 ax 
152.2 eq 
161.8 ax 
153.9 eq 
158.1 ax 
153.5 eq 
167.9 ax 
159.6 eq 
156.1, 156.39, 155.61 
178.6 ax 
185.8 eq 
245.5-250.9 bridge 

197.7 
187.3 
-265 (0-F) 

r701 
[721 
r741 
[761 

1771 

f781 

PI 

P21 

155.93 
158.3 
132,134 
157.50 
153.74 

161.1 
155.3 
157.6 
153.9 
168.4 
160.0 
156.09 
177.05 
183.33 

234.7 bridge 
198.4 
188.6 
262 (O-F) 

1791 

WI 

PJ21 

1711 
I851 

ducts are stable ~defmi~ly at ambient or higher temperature, e.g. F5P-PMe3, FSP-NMe3, 
AsF~NCCH~, AIF+Hz2-, etc. [96], and adducts with somewhat weaker E--D bonds can 
be identified by Nh4R at lower temperature, e.g. FSP--OEt2 at -65”C, F&-NH3- at 
-80°C [97], and FSAs--PF3 at -130°C [98]. For exceedingly weak E--D bonds, however, 
the temperature range normally available in Nh4R 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 Tom rapid exchange of axial and equatorial 
ligands, as demonstrated for TBP pentafluorides such as PFS: and SiFS-, as well as TBP 
Fe(CO)S. 

Stereochemical non-rigidity is a common feature of pentacoordination 
[99,100-1021 and-energy barriers for axial-equatorial ligand exchange, as measured by 
NMR, extend over a wide range, ca. 15-125 kJ mol-r . 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 m~h~istic features that appear to be responsible for ~ial-~~o~al 
ligand exchange are the following: (a) bond fo~ation and a rapid equilib~~ 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; (t) rapid and reversible intramolecular coordination (chelation); (g) ro- 
tation about single or double bonds; and (h) inversion at nitrogen or sulfur atoms. While it 
is not expected that these dynamic effects can be easily separated, some effects will not be 
observable in certain systems, because of symmetry or energy considerations, while other 
systems may have only one or another dominant pathway of axial-equatorial ligand ex- 
change. 

Phosphorus per&fluoride has a trigonal bipyramidal structure of Dj,, symmetry in 

the gas phase [76] and as a solid at -164°C [77]. According to VSEPR arguments, a 
square pyramidal Cd, structure is of higher energy because of the greater repulsions 
among the bonded electron pairs [ 1151. A model is available for estimating the relative 
stability of TBP and RP isomers of phosphoranes [ 1161, and the energy difference be- 
tween D3,, and C,, structures of PFS is calculated to be 16 + 2 kJ mol-l [ 1171, compared to 
experimental values of 11.9-16.4 kJ mol-i [ 1181 and an estimate of ~21 kJ mol-l from 
NMR [ 1031. If it is assumed that PFS exchanges its axial and equatorial fluorines by spe- 
cific bond formation according to eqn. (lo), 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 

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

Compound Energy barrier 
AG$,s (kJ mol-‘) 

Ref. 

PF, 
ClPF4 
C12PF3 
MezPF3 
Ph2PF3 
CF3(Me)PF3 

H,PF, 
CF3(H)PFs 
Ph(H)PF, 
o-CF3C6H4(H)PF3 
m-CF3C6H4(H)PF3 
m-CH3C6H4(H)PF3 
Me2NPFd 
i-Pr2NPFd 
(Me2N)zPFs 
(MezNhP(CF& 
CFj(MeS)PF3 
CH2=SF4 

<21 11031 
18(96K) DO41 
30 11051 
74.5 [1'W 
78.2 DO61 
36.8 DO71 
42.7 (218 K) 11081 
26.4 (133 K) DO81 
55.6 [441 
52.9 DO91 
53.6 DO91 
56.0 DO91 
37-39 [104,110,111] 

[1121 
ii.0 (343 K) DO61 
63 2 11111 
53.6 t1131 
>105 11141 
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C 4v 

(10) 

Temperatures as low as -197°C have failed to slow down exchange in PFs [99] and, 
in the absence of further experimental evidence, the p~u~tion of axial and retrial 
ligands can be viewed I%om two perspectives depending on whether ~temctions with the 
e~viro~ent are omitted or specifically considered. Both views have been discussed in 
the literature, the former as Berry pseudorotation [ 101,119], or turnstile rotation [ 1201, 
and the latter as collisional processes [ 12 1,122], 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 PFs and SiFs-, is based on variable tem- 
perature r9F NMR studies [97]. Fluorine-bridged adducts can be identified by NMR at 
low temperature, e.g. F,As--FCH3 at -165V or F$b--FCHs at -60°C [127], however, 
adducts of PFs or BFs with CHsF cannot be detected, but that is in keeping with the order 
of acid strength of the main group fluorides: PF5 < BF3 < AsF5 < SbFs ]128,129]. 

For some 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 dist~ction is spout in synthesis and reaction rne~h~~rns because the forma- 
tion of a specific bond, even an exceed~gly 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 Sb4F2e [ 1301 or chain-like BiFS [ 13 I], 

FA FB 

however, there is no direct evidence of iluorine bridging in the case of weaker Lewis ac- 
ids, and the soiid state structures of Pp5 at -164°C [77] and of AsFS at -89°C show TEIP 
geometry [ 1321. 
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There is considerable variation in the properties of donor-acceptor adducts of phos- 
phorus pentafluoride. From vapor pressure measurements, the heat of dissociation of the 
dimethyl ether adduct Me@-PFS is 106 W mol-I, and this adduct is 94% dissociated into 
its gaseous components at 20°C [ 133), but the propyl ether adduct FSP-OPrr has a sig- 
nificantly reduced enthalpy of formation of 45.2 kJ mol-t [134]. A variable-temperature 
NMR study of the interaction of PFr with diethyl ether gives a reaction enthalpy of about 
51 kJ mol-l [97], 

but NMR studies are complicated by decomposition, which can be observed above -65°C 
in the FSP-OEtz adduct. This decomposition is presumably caused by abstraction of 
fluoride ion by PFs to generate PFs-, as well as the reactive cation Et+PF,+; in the case 
of the Me@-PFS adduct, decomposition eventually leads to Mes0+PF6- and F3P0 [ 1351. 
Adduct formation is known to weaken the P-F bond, as illustrated by an average 2.2% 
bond lengthening as PF, (153.4-157,7pm) [76] is converted to FsP-NH3 (158.1- 
160.0 pm) [136]. 

If the permutation of axial and equatorial ligands in Dl,, molecules is related to ad- 
duct formation and molecular association, it camtot be restricted to main group fluorides 
but should appear as a general property of five-coordinate molecules and, indeed, fhrx- 
ional behavior has been d~o~~~ in many other TE+P molecules, e.g. ~M~~~)~P 
is flwrional at -60°C [137], Ph$n- and Me@- at -8OOC [138], MesAs at -95’C [139], 
MesSb at -1OOT [ 1401 and ~M~~)~Sb at -13YC [ 1411. 

For the related TBP molecule Fe(CO)5, where axial-equatorial exchange is still 
rapid in solution at -1 70°C [ 1421, mtermolecular effects have been greatly reduced by re- 
cording the 13C NMR spectrum in the solid state, in that way separating axial aud equato- 
rial carbonyl 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 lOto s-l at -20°C in solution 
[ 1441 and 100 s-l at -38°C [ 1431 in the solid state. 

(8) Mom-substituted trigonai bi’ramidaljluorides, REF4 
Compounds of the formula REFd can interact with donor atoms to give cis and rrans 

intermediates, but only the trans isomer {C,,), with its four equivalent E-F bonds, neces- 
sarily leads to ~i~~~~~al fluorine exchange. The cis isomer, ~~~u~ favored statis- 
tically (4: l), is not expected to permute FA and FB fluorines in R.FF4 because the simplest 
mode of formation of the C&J isomer, involving attack of D on an tijadent face or edge of 
REF4, followed by loss of D by the same route, does not permute the FA and FB 
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subs&tents. Any other trajectory would presumably, require more extensive structural 
displacement of ligands during the formation of cis-D:REF, and have a higher energy 
barrier. 

FA F* FB 

+ 

(13) 

FA FA 

Gv) cik (c-y fmm K&l 

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 for PFr [ 1171. Such behavior is expected on the basis of 
VSEPR considerations [ 1451. 

Axial-equatorial exchange in REF4 is expected to resemble closely that of EFr, with 
comparable rates and energies and, consistent with this view, exchange is rapid and has 
not been slowed down in molecules such as MePF4 at -177°C [104], CFsPF., at -150°C 
[146], or SOF4 at -150°C [147], and CIPF4 is fluxional at -185°C [104]. 

Mono-substituted silicates RSiF4- are also fluxional at ambient and lower tempera- 
ture. There is no evidence of significant slowing of fluorine exchange in (mesityl)SiFd- at 
-lOO’C, although exchange can be slowed down with more sterically crowded ligands, as 
in 2,4,6-tri-tert-butylphenyltetrafluorosilicate at -68°C [ 1481, 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-butylphenyltetrafluorophosphorane, is rigid 
at -60°C [ 1491. 

The formation of a trans-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 mutually frun.r positions in the octahedral rrans- 
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 trigonal bipyramidal 
REF4. A 31P NMR study of Me2NPF4 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 [ 1041. 

TBP molecules with a lone pair of electrons may also interact with a donor mole- 
cule to give cis and trans pseudo-octahedral intermediates, but only the trans 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-i [97,15 1,152], as compared to PF,, may be attributed to 
a combination of statistical factors, related to the probability of forming a truns isomer, 
and to the greater repulsion of the non-bonded electron pair in the trans intermediate. In 
agreement with this view, the barrier to axial-equatorial exchange in PFd-, which is 
isoelectronic with SF4, is also significantly higher than in PFs [ 1531. 

FA FA F* 

(14) 

FA FA 

cis tram 

A pseudo-octahedral intermediate, with an ether solvent molecule and a pair of 
electrons in truns positions, can account for the single peak, down to -12O”C, in the 
fluorine NMR spectrum of the telhuium compound Te(CFs)4 [ 1541. 

Sulfur tetrafkoride and its organic derivatives are susceptible to the effects of trace 
impurities, as emphasized over the years, and this impurity-catalyzed exchange process is 
accompanied by the cleavage of S-F bonds [20,2 1,39,97,152,155-l 581. Lewis acids such 
as PF5, AsFS and SbFS are particularly effective as catalysts [159]. Since the H@-HF- 
glass system generates Lewis acids such as BF3 and SiF, [26], it seems reasonable to pro- 
pose that Lewis acids interact with SF4 to furnish the cation SFs+, and that S-F bond 
cleavage in the impurity-catalyzed pathway involves the bridged intermediate F&-F-- 
SF3+. In addition to S-F bond cleavage and axial-equatorial exchange in SF4, a third dy- 
namic process can be identified by NMR at low temperature, namely, molecular associa- 
tion of SF4 via fluorine bridges [ 1601. 

The possibility that hexacoordinate D:REF4 adducts undergo ligand scrambling by 
an intramolecular twist mechanism, without bond dissociation, is considered unlikely. 
Non-dissociative 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 HzO-I-IF-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 19F NMR spectra of $6 and 7, which show AzBC, AA’BC and ABC 
spin patterns, respectively, characteristic of rigid complexes. Fluorinated ligands such as 
4-fluoro-2,2’-bipyridine (tbpy) are helpful in probing the fluxional character of octahedral 
complexes, as illustrated by the ‘*N NMR spectrum of nrer-Fe(tbpy)&+ (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 REF4 molecules can be attributed to a rapid 
equilibrium involving a trans-D:REF4 intermediate, the nature of R determines the sym- 
metry properties of such an intermediate and, as a result, some equilibria may not be ob- 
servable processes. For instance, the formation of trans-D:REF, intermediates S-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 sulfur atoms. If an equilibrium between five- and six-coordinate species is 
not observable 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 19F NMR provides a sensitive method of studying such 
behavior because of the large chemical shift difference of fluorine substituents in REFb 
and the large dynamic range that is available. 

8 9 10 11 

Rotation about P-N and P-S single bonds, accompanied by inversion at nitrogen 
and sulfur atoms, occurs rapidly in aminofluorophosphoranes, e.g. A@ is 37 kJ mol-’ at 
-85T for Me2NPFi, with more rapid rates observed on addition of ether solvents [ 1041. 
Similar dynamic processes are also found in akylthiofluorophosphoranes, for example, 
the AzBC r9F NMR spectrum of MeSPF., can be observed at -90°C [ 1641, and the slow- 
ing of rotation and inversion at lower temperature makes all four fluorines non-equivalent 
in methyl-substituted piperidyltetrafluorophosphorane, MeC5H9NPF4 [ 1651. On the other 
hand, there is no fluorine site exchange in FN=SF4 or CH2=SF4 up to +lOO”C, reflecting 
barriers torotationofN=S andC=S double bonds inexcessof 105 kJmol-’ [114,166]. 

Mono-substituted compounds REFs with a lone pair of electrons can interact with a 
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donor molecule to give five stereoisomers 12-15 (15 is chiil). If the formation of inter- 
mediates 1214 involves attack of D at an equatorial site, then a permutation of fluorines 
is not expected. A chauge in spin pattern from ABz to ABC accompanie$ the formation of 
isomer 15 but, depending on the potential surface of adduct formation, fluorhze exchange 
may or may not occur via intermediate 15. Based on these considerations, it is problem- 
atical whetber axial-equatorial exchange is observable in these molecules and, experimen- 
tally, the igF NMR spectrum of sulfurane CF$Fs in the gas phase or in solution shows no 
signs of fluxionality [82]. Related aryl and perfluoroalkyl fluorosultinanes also have high 
barriers to axial and equatorial exchange [ 1671. 

+ D 

12 13 14 1s 

Purified samples of dial~l~~osul~ fluorides R2NSFJ (16) do not exchange ax- 
ial and equatorial fluorines [157], Restricted rotation about a S-N bond in MqNSFr 
makes the axial fluorines nonequivalent because the M%N substi~en~ although planar, 
is not coincident with the axial plane [168]. Rotation about a C-S bond in sulfirrane 17 
equilibrates the non-equivalent axial, as well as the non-equivalent or&o fluorines, with 
reaction parameters of Lwt = 43.9 kJ mol-* and 653 = -32 J mol-* deg-l. Axial-equatorial 
fluorine exchange in 17, however, was not detected up to +SO’C, where decom~sition by 
glass set in, and the exchange barrier must exceed -63 kJ molt [ 1691. 

;B 
16 17 18 

Irnp~i~~a~l~d exchange in org~osul~ ~~uo~des is most likely due to the 
Ham-HF-gl~s system, and rapid S-F bond cleavage may be ebbed to the bridged in- 
termediate RF$%-F--SF2R+. Impurity-catalyzed bond cleavage in ~~o~uorosulph~e 
(18) is stopped by the addition of silicon-nitrogen cornPounds, and all three fluorines are 
nonequivalent because of the asymmetry of the cyclic substituent. SulfGrane 18 has been 
suggested as a potential en~tioselective ~uo~nat~g agent [ 1701. 

(c) L&u&W& trigmai ~i~ra~ida~~uori~~ R2EF3 
Interaction of a di-substituted TBP fluoride, RzEF,, with a donor molecule may 
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give rise to three isomeric six-coordinate ~~~~~s 19-21. Attack of D at au equato- 
rial site of R2EFs is viewed as a favorable process, but the resulting nre?r-isomers 19-20 
do not necessarily exchange axial and equatorial fluorines; such exchange is expected, 
however, if a fat-isomer 21 is formed. 

FA FA 

marl2 mar 20 fat 21 

Axial-equatorial exchange is predicted to be slower in RzEFs, as compared to REF4 
or EFs, partly because of statistical factors, since only the fuc 21 isomer permutes fluorine 
ligands, but also because of the “stiRhess” of a TBP, i.e. an energy barrier is associated 
with the displacement of ligands that must accompany the fo~ation of a fat 21 interme- 
diate. These arguments are supported by NMR experiments which invariably show that 
di-substituted phosphoranes RsPF3 are rigid at higher temperatures than the correspond- 
ing mono-substituted phosphoranes RPF.+, e.g. Me*PFs (+3(K) [106] versus MePF4 
(<-177°C) [104], (lBu)rPFJ (-40%) [171] versus tBuPF4 (<-150°C) [172], C12PFj 
(-12O’C) [ 1051 versus ClPF4 (c-1 SY’C) [ 1041, and H2PFs (-90°C) [ 1081 versus HPF4 
(<-9OOC) [ 1731. 

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 (Me2N)3PF2 [ 1741 or Hz(NHz)PFz [ 1751, and the barrier to rotation is 46.7 kJ mol-r 
in PF3(NH& [l 101 and 43.9 kJ mol-r in Me*NPF(CF~)~ [l I I]. Rotation about the P-N 
bond in a chiral phenyIpi~~dyl~ifluorophospho~e was found to have a barrier height 
of -50 kJ mol-’ [176], and the barrier to P-S bond rotation in MeSPFsCFs is 42.6 kJ 
mol-r [113]. 

An interesting situation arises if the substituents in a TBP are of equal, or nearly 
equal, apicophilicity because an isomeric TBP then allows the formation offac intermedi- 
ates by equatorial attack of a donor molecule, as illustrated in eqn. (17) where a tri- 
fluoromethyl substituent occupies an axial site. 

FA FA 

c,B 

> 
+cP@)q") q, I ‘( : 

.,..?D 

P-CF, + D + P 

Sk 
+ other stereosiamers 

Fe -CW)olri) FB 
I 

F3 

(53 CF3 

22 f&3 

(17) 
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A small energy difference between TBP stereoisomers containing F and CF3 sub- 
stituents has been established for CF3PFG which consists of two conformers with equato- 
rial (60 f 10%) and axial CF3 groups in the gas phase [ 1771. The striking difference be- 
tween the molecule (CF&PFs, which is fluxional down to -160°C [146], and M%PFs 
which is rigid at +3O“C [ 1061, may be attributed to a smaller difference in apicophilici~ 
between F and CFs, as compared to the difference between F and CH3. According to this 
argument, stereoisomer 22 provides a lower energy path for axial-equatorial ligand ex- 
change because the formation of intermediate&c-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 [ 1781791 and further supported by calculations, including ab initio methods 
[81,116,180,181]. 

More flexible molecules are expected to undergo ~ial~~to~al exchange at a 
more rapid rate. A comp~ison of exchange barriers for silicates with the isoelectronic 
phosphoranes shows lower energy barriers for the silicon derivatives, e.g. Ph$SiF,- (24) 
(49.0 kJ mol-t) [ 1821 versus Ph2PF3 (25) (78.2 kJ molt) [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 L&-C& energy difference between PFs and SiF,- support this 
conclusion, showing a smaller energy difference for the anionic pentafluorosilicate com- 
pared to that for phosphorus pentafluoride [ 1801. 

FA l- 
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A lower exchange barrier is also found for the cyclic phenylsilicate (26) (109 M 
molt) than for the isoelectronic phosphorane 27 (118 kJ mol-t) [183]. Typical barriers 
for axial-equatorial fluorine exchange in trigonal bipyramidal silicates are found in Table 
3. 

(d) Tri-substituted trigonul bipyramidal$uorides, R3EF2 
Interaction of tri-substituted compounds RsEF* with donor atoms in the equatorial 

plane generates isomer 28. The formation of stereoisomers 29-30 is also possibfe but that 
would require more extensive ~splacement of R and F substi~en~; in any case, the 
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TABLE 3 

Barriers for axial-equatorial exchange in TBP silicates 

Compound A@298 (kJ mol-l) Ref. 

Ph$iF3- 
PhMeSiFs- 
Ph(‘Bu)SiFs- 
(o-tolhSiFs_ 
@-tol)$iFs- 
(I-Nap)zSiFs- 
2,4,6-‘BusCsH2SiF4- 
(CH&SiFs- 
(C6H&(CF&O)#iF 
(C6H&(CF&O)#C6Fs- 

44.4 
44.8 
43.5 
41,44.8 (,!?a 
44.8 

ii.6 (E$ 

38 (Ea) 
73.2 (424 K) 
91.6 (424 K) 

WI 
WI 
[381 
[38,184] 
[381 
1381 
11481 
11841 
t1831 
11831 

equivalence of axial fluorines in TBP R3EF2 prevents direct observation of rapid equili- 
bria involving six-coordinate intermediates. 

FA FA FA 

R 
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FA 
(18) 

D D 

mer-R,E 28 mer-&E 29 faM,E 30 

Some evidence for the assumption that bond formation occurs preferentially in the 
equatorial plane of a TBP is based on tbe reactions of tri-substituted fluorides R3EF2. For 
instance, fluoride ion adds to arsenic and antimony fluorides (C6F5)3EF2 at an equatorial 
site to give tbe mer-31 isomer [ 1851. 

FA FA l- 

F- 

6F5 
* 

(19) 

mer-31 E=As,Sb 
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Furthermore, an NMR study of the mer-Ph3TeF2X-Ph3TeFX+ system (X = F, Cl, OH) 
shows that addition and departure of a fluorine ligand occurs exclusively at an equatorial 
site, thus implying that any fluorine-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 heptacoordmate (&) IF, and TeFI [35,188] and, just as for the tive- 
coordinate TBP molecules, rapid intermolecular association is expected to lead to observ- 
able scrambling of nonequivalent axial and equatorial fluorines. The 19F NMR spectra of 
IF7 and TeF7- show a single averaged peak, while the tzsTe NMR spectrum of TeF,- in 
acetonitrile solution shows retention of telluriun-fluorine coupling to seven equivalent 
fluorines. That IF7 and TeF,- can interact with Lewis bases to give eight-coordinate spe- 
cies is confumed by their reaction with fluoride ion to give octafluoro anions IFs- and 
TeFs*- of DM symmetry [35]. 

F* l- 

FB FB 
I 

B’*T& FB 
Ffl 

+ 

I 
‘FB 

cw 

A recent study of the fluxionality of IF, has concluded that axial-equatorial exchange is 
slower than a dynamic puckering of the pentagonal equatorial plane [85]. 

(ii) Five-membered rings and axial-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 central ele- 
ment; (b) symmetry properties of the hexacoordinate adducts or intermediates; (c) prefer- 
ence of the ring to span axial and equatorial sites; (d) structural distortions between trigo- 
nal bipyramidal (TBP) and rectangular pyramidal (RP) geometries; and (e) bond cleavage 
of a five-membered ring. 

Among fluorinated five-membered ring derivatives, those with the perfluoropinacol 
(PFP) [ 1891 and C6H4C(CFs)20 or C6Hs[C(CF,),0], [ 1901 ligands have been studied in 
detail, and stable hexacoordinate adducts are known which contain these five-membered 
rings and typical Lewis bases such as MeSP and phenanthroline, e.g. 32-33. 
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32 WI 33 WI 

The phenantbroline adduct of spirosilane Si[OC(CF&C&& (33) undergoes re- 
versible enantiomerization and diastereomerization in solution by dissociation of the 
phenanthroline ligand [192]. Non-fluorinated cyclic and bicyclic phosphoranes also form 
stable adducts with Lewis bases or fluoride ion, e.g. HP(02CsH&F- [193], HP(O&H& 
.NCSHS [194] or Si(catecholyl)z*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 [ 10 1,180]. Trigonal bipyramidal structures include 
FSi[C,H&(CF&O]~- [ 1961 and FGe(MeC6H&)2- [ 1971, and rectangular pyramidal ge- 
ometries are found for FSi(C6H40&- [198], FGe(C&O&- [ 1971 and FP(C6H40& 
[199]. 

A comparison of cyclic phosphoranes, (CH&PF3 and (CH&PF3, illustrates the 
dramatic effect that ring size has on rates of axial-equatorial exchange. Exchange in 
(CH&PF3, which has a five-membered ring, is rapid and can only be stopped below 
-70% [200]. On the other hand, (CH&PF3, with a six-membered ring, is rigid and shows 
no evidence of axial-equatorial fluorine exchange, even at +lOO”C [200]. The lack of ex- 
change in (CH&PF3 may depend on the occupancy 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 fuc-35 

isomer allows exchange, but its formation is presumably associated with greater distortion 
energies. 

FA FA I=* 

I +cP(5)D(“) 

P--fs + D + 

7 
FA 

-‘P(5)D(n) =b- 
D. 

+ =TL 
FB 

FA D 

mer-F,P 34 faeF3P 35 

The cyclic and isoelectronic fluorosilicates show a similar trend as the phospho- 
ranes, except that rates of exchange are greater. Thus exchange in (CH&SiF4- cannot be 
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slowed down on lowering the temperature, while the limiting spectrum of (CH&SiF4- can 
be observed at -117V [184]. 

Five-membered rings show a preference for axial-equatorial occupancy in a TBP 
and this fact, combined with the tendency for distortion &om TBP toHtatds RP gurney 
and the greater Lewis acidity of five-membered ring phosphoranes, is expected to favor a 
fat isomer, thereby iucreasing the rate of axial-equatorial ligand exchange. In support of 
this argument, it is known that the enhanced apicophilicity of ring atoms can force a fluo- 
rine subagent into an equatorial site in some five-membered ring systems, e.g. 
(OCHMeCHzO)PF~OMe [201]. That (CH&PFs is a stronger Lewis acid than (CH&PF3, 
is demonstrated by the reaction with 8-trimethylsiloxyquinoline which gives a stable hex- 
acoordinate adduct with the five-membered, but not with the six-membered, cyclic phos- 
phorane [202]. 

Some ph~phor~es are rigid despite the presence of a ~v~rnern~~d ring, but in 
these cases the ring may lack a plane of symmetry. For example, the ~fluorome~yl 
groups are non-equivalent in spiropbosphorane 36 [203], however, any equatorial attack 
by a donor molecule is expected to generate hexacoordmate iutermediates 37 and 38, nei- 
ther of which equilibrates the ~ffuo~rne~yl groups. 

H 

(22) 

36 cir-HD 37 triw-HD 36 

A similar explanation can account for the rigid nature of phosphoranes 
MeP(~SiMe~k~FP) and P~(OSiMe~k(PFP) which, despite tire presence of five-mem- 
bered ~~uo~p~aco~l rings, show no exchange of ~fluorome~yl groups up to their 
decomposition tempemture of +160°C; an energy barrier in excess of 88 kJ mot-t is esti- 
mated [204]. Exchange of trifluoromethyl groups coot be observed at room temperature 
in the ~~uorop~a~l derivative M~NP~FP)~~H(~F~~~ [205]. A comparison of en- 
ergy barriers (AG424j for ~~uorom~yl fruition in TBP silicates and phospbo~es 
shows lower barriers for silicates [C,H&(CF&O]@F- (73.2 kJ), [C&i&(CFskO],_ 
SiC6F5- (91.6 kJ), and [C&&(CFs)20]2SiPh- (109 kJ) than for phosphorane [C&I.&- 
(CF&012PPh (118 kJ), reflecting the more flexible structure of silicates. Bon& to 10% 
5 silicates are typically 7-15 pm longer than those in isostructural phosphoranes, .and 
geometric distortion is ~~getic~~ less costly for silicates than for ph~s~o~~ [ 1831. 

Rapid ligand permutation is, of course, expected in those phospboranes 
which undergo ring cleavage and are in equilibrium with their acyclic Somers [206]. if an 
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eight-membered ring occupies two equatorial sites, then the remaining three OCH$ZFs 
substitnents are placed into two axial sites and one equatorial site of a rigid pen- 
taoxyphosphorane 12071. 

In ~~uo~p~colyl sp~sul~e S(PFP);! (39), a lone pair of electrons occupies 
an equatorial site, but neither a c&-40 nor a ~~41 intermediate is expected to lead to 
an observable permutation of all trifluoromethyl groups and, indeed, S(PFP)2 39 is known 
to be a rigid molecule with non-equivalent ~fluorome~yl groups at -1W’C [ZOS], as 
well as at 2YC [189]. The trans-41 int~edia~, however, is compatible with the ap- 
pearance of two sets of non-equivalent trifluoromethyl groups, as fotmd experimentally 
for S(PFPh (39). 

Since the related phenylphospho~e P~~FP)~ has the same symmetry properties 
as S(PFP)*, an intermediate analogous to tranr-41 is also expected to lead to two sets of 
non-equivalent trifluoromethyl groups in the 19F NMR spectrum, and such a spectrum has 
been observed at ambient temperature, and up to +160°C [209]. 

Thii analysis apPears to be contradicted by the rH NMR spectrum of spirose- 
lenurane S~~H~CH~~k, which shows only a single resonance at room tern~~, 
however, the fruition of hydrogens can be traced to ring-oPening reactions since ad- 
dition of an acid and water scavenger, i.e. Et2NSiMe3, changes the rH NMR spectrum 
from a single line to a more complex AA’BB’ spectrum, consistent with a rigid TBP 
geometry. When purified S~~H~CH~Ok was examined by r3C 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 &~~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 
~uilib~ion of sub~i~en~ is expected, and such is the case in bis~,4’-~e~yl-2,2’~ 
biphenylene-teller, which shows only a single rH NMR methyl signal at ~~~~s 
aslowas-60°C[211]. 
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(iii) Three-to-j?we andfour-io-six caardimhz, +C, +C 

The preceding discussion has examined the stereochemical consequences of bond 
formation by means of a one-step reaction. Two-step reactions, in whiuh the coordination 
number is increased from, say, three to five, may be illustrated 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 [(CFs)2NO]zPF, is formed. Oxidation of phosphorus(II1) compounds is common 
with oxygen-containing radicals [2 131. 

Two-step reactions, in which a fo~~~rdi~te molecule is converted to a stable 
six-coorclmate 1:2 adduct, are illustrated by the inte~ction of silicon or tin te~~uo~de 
with Lewis bases or donor solvents such as pyridine or DMSO [2 141, Adducts with 
weaker bases cart be identified by low temperature NMR studies. Thus, cis and k.rns ad- 
ducts of tin tetrafluoride and ethauo1, SnF~(EtOFIk, can be observed at -42% [215], and 
cis and tram isomers of GeF&XZN)22- 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 SiF4 with dialkyl ethers at -78OC 12171, or matrix- 
isolation techniques, e.g. 1:2 adducts of SiF, and amines [218]; in some cases, these ad- 
ducts have been studied by ab initio methods, e.g. [219]. 

FA 

+%4MN 

EF,+D + 

-%4ZWQ 

cis-42 mm 

Six-coordmate iutermediates may be inferred from kmetic orders of reaction, as 
well as f%om increased rates of reaction at lower temperature, as ill~t~ by the base- 
catalyzed hydrolysis of ~m~ylfluo~sil~e [ 162201. Solv~t-~du~d racemization of 
chlorosilanes 122 1 ] and nucleophile assisted substitution of organosihmes [222] provides 
evidence of six-coordinate silicon intermediates. Once formed, int~~edi~as such as 
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Me$iF(NHEtz)(HzO) often react further by either fluoride ion abstraction or by deproto- 
nation of water, alcohol or amine ligands [47,220]. 

(iv) Formation offluorine-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 fluorides 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. p- 
F, (u-F)~, (,u-F)s, (u-F)~, as illustrated by fluorides such as InzFlo(Cc-F)zG [225], 
[(R~P)3HzMO),~-F)~]+ [226] and MO&-F).,(OJBu)s [227 1. 

Strong fluorine bridges can be characterized in solution or in the solid state, e.g. 
Sb4Fi7- [228], FsPO-SbF_+-FSbFS [229] or H3F2+Sb2Fi1- [230], but more labile bridged 
intermediates are detected with greater difficulty, and the fluorine-bridged anion As2FII- 
can only be observed at -140°C [23 l] and B2F7- at -155’C [232]. 

+‘B@)F(l) 

BF3 + BF,- # F3B--F--BF,- 

-cB(3)F(1) 

(26) 

Other intermediates such as P2FII- or SizFll 3- 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 
H3Si-F-SiH3+ [234], P2FII- [235], FI-F-IF- and CF31-F-ICF3- [86], and some fluorine- 
bridged species can be observed in the gas phase by ICR, e.g. CH3-F-CH3+ [236], or by 
negative ion fast atom bombardment spectroscopy, e.g. ArOH-F-HOAr- [237 1. 

Main group anions such as BF4-, PFb-, AsF6- and SbF6- can interact with transition 
metal complexes via fluorine bridges, but these weakly coordinated fluoroanions are good 
leaving groups and can be readily displaced in substitution reactions [238,239]. 

+cwow) -6dWfll 

Me,PL&iv)W+ + SbF; * M~PL,(sohr)W-F-SbF, # Me3PL,W-F-SW, * etc. 
(27) 

+(6)F(i! +6olvent 

Lj = W#O 

Trace amounts of moisture can generate new fluoroanions such as BF30H- or 
P02Fz-; occasionally, the only source of silicon and boron in fluoroanions such as SiF-, 
BF4- or F3BOH- is the glass apparatus [240]. If moisture is present, there is the further 
possibility that fluoroanions are hydrogen bonded to the aqua ligand, as in 
L,MOH*-FBFJ [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 HzFs-, HsFd-, I&Fs- and HSF6- [5 1,242]. 

+%‘W1) HF HF 

F+HF T= F-H-F + F-H-F--H-F T= (FH),F (28) 

-%Wo) -HF -HF 

(v) Intramolecular n-center steps, +cC 

Cyclic n-center steps generally lead 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 n in- 
creases [2]. A maximum entropic advantage for intra- over intermolecular reactions of 
about 140 J K-i mol-’ has been assessed, or a lo* enhancement factor [243]. Kate en- 
hancements of the order of 106-lo8 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 enhanced 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]. In this way, pentacoordinate derivatives of phosphorus(III), 
arsenic(III), antimony(II1) and bismuth(II1) have been stabilized by using the 2,6- 
bis[(dialkylamino)methyl]phenyl ligand system for the introduction of five-membered 
rings [25 11. 

(a) Three-center steps, +C3-center 
The transfer of a fluorine substituent to an adjacent atom, i.e. a l,Zshift, 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-SbFs-SO* system in which an equilib- 
rium involving 3-center steps cannot be slowed down even at -90°C [252]. 

(29) 

Analogous fluorine transfer processes also occur in radical speck, as demonstrated 
with the aid of tritium labelling for the 1,1,2-trifluoroethyl radical [254]. 
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The relative tendency of fluorine and hydrogen migration in radical, anionic or 
cationic species has been investigated by INDO molecular orbital calculations and highly 
selective behavior was found. For the 1,1,2,2-tetrafluoroethyl radical, CF,HCCF2 ’ , the 
results suggest that fluorine atom migration through a fluorine-bridged intermediate will 
occur more readily than hydrogen atom migration thougb a hydrogen-bridged 
intermediate, but the corresponding cation CF2HCCF,+ will undergo hydrogen migration 
more readily than fluorine migration, however, it will be difEcult for the anion 
CFzHCCF;I- to undergo minion of either a fhxorine or a hydrogen atom [254]. 

A four-membered ring can be prepared by the addition of fluoride ion to F&(SF&, 
using either CsF or Mess&- as a source of fluoride ion, 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 terminal S-F bonds (160.7-172.9 pm). 
Ab initio calculations show a relatively small energy difference of 4.5-5.7 kJ mol-i be- 
tween a s~e~cally and an clerically bridged stru&ure [255]. 

In the absence of fluoride ion, the molecule F,C(SF& retains its ability to form a 
~uorine-badge four-membered ring, but the structure, as determined by electron diffkac- 
tion, shows a substantially longer/weaker S--F bridging bond (266 pm) than in the anion 
(2 11.7 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, confmed 
by X-ray structure determination [257], must include a four-center step. 

(321 

A rapid succession of four-center steps can equilibrate ail fluorines of the bridged 
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SbFa ligand in the tungsten complex 44, and the 31P 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 AZ# = 41.7 kJ 
mol-’ and A$ = -1.5 J mol-* K-l, from an accompanying intermolecular process that 
cleaves the weak tungsten-fluorine bond and for which m = 27.7 kJ mol-’ and 
ti = -128 J mol-’ K-l [258]. 

(33) 

F 

44 45 Laj = (CO),(NC) 

The rotation of fluoroanions such as BF4- and SbFs- 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 
FSTeO- anion in the solid state is also rapid above -70°C, and IR and solid stat& ‘9F NMR 
studies show that the oxygen atom interchanges between protonated sites of 1,8- 
bis(dimethylamino)naphthalene [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 phosphorus compounds, involving a four-center step, is 
compatible with the experimental results [260], as illustrated by the equilibrium between 
46 and 47. 

(CF&MePOCNMe, 

46 

(34) 

Fluorine exchange in the cyclic phosphoranes 48-50 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 spectrum of 49 was dbtained at -5O”C, 
while 50 was rigid at room temperature, therefore, it may be concluded that the order of 
bond strength in 48-50 is P--O < P--N < P-S, if exchange is initiated by dissociation of 
the P-E bond in the hexacoordinate adducts [26 11. 
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Cleavage of a four-membered ring in the hexacoordinate adduct 49 generates a five- 
coordinate phosphorane intermediate 51 in which the eqnatorial ligands are equivalent but 
the axial fluorines are non~~valen~ provided that the amino substituent lies along the 
axial plane. Only the axial fluorines are permuted by rotation about the P-N bond in 51, 
but further in~m~tion with a donor atom allows equili~tion of all four fluorine substitu- 
ents via the intermediate tru~r.r-52. In this NMR experiment, three competitive dynamic 
processes can be observed: firstly, cleavage of the P-N bond and ring opening of a four- 
membered ring in 49, secondly, rotation about the P-N bond (56. I kJ) in intermediate 51 
and, thirdly, axial-equatorial ligand exchange (57.8 W) [261]. 

FA 

F;&N:, 
? 

F” 1 ‘N-Me (35) 

FA 

49 51 

Reversible regaining and -closing of a fog-m~bered N-C-N-P ring also pro- 
vides a mechanism of exchange of non~uivalent fluorines in a related hexacoordinated 
fluorophosphate, (RNCRNMe)PF4 [262]. A four-center step is implicated in the isomeri- 
zation of an acyclic fluorosulfur derivative PhC(0)CH=SF4 to its cyclic isomer 
(PhCOCH)SF4 [263]. 

(c) Five-center step, +dmcenter 
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 truns-55 isomers of per&coordinate silicon. From a study of the equilibrium of eqn. 
(36) it was found that Lw = -28.5 kJ mol-* and AS = -60.5 J K-i moll [264,265]. 

53 cis-54 

(36) 
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Related (aryloxymethyl)trifluorosilanes are pentacoordinate in both solid and con- 
densed phases, with an intramolecular Si-0 bond that is part of a five-membered ring, 
and axial-equatorial fluorine exchange has energy barriers between 29 and 38 kJ mol-1 
[266]. For the related compound PhC(O)OCH$H#F3, where a Si-0 bond is part of a 
six-membered ring, AH = -3.0 kJ mol-’ and ds = -28 J K-t mol-l [265]. 

A five-center step can play a crucial role in enhancing the selectivity of a chemical 
reaction or in determining its stereochemical outcome, as illustrated by the conversion of 
chiral silylsulfoxide 56 into pentacoordinate silylsulfoxide 57. The latter species has three 
distinct silicon-fluorine bonds, as verified by t%MR below -1OOT [267], and any sub- 
sequent reaction of intermediate 57 could, potentially, discriminate among the different 
silicon-fluorine bonds. 

. . 
\ . R 

s 

+Gz& 
‘0 

RS(O)CHaCHsSiFs \ L I F+ 
\ 

-6$gi& 

‘< FB 

I 
FC 

(37) 

54 57 R=Me, Et, PhC!Hs 

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

The coordination of dihalocarbons such as ClCH,CH&l or o-C H.&l2 to metal ions 
in a bidentate fashion must, necessarily, involve a five-center step [2 4 0,271]. A five-cen- 
ter step is also involved in the formation of an iridium complex of 8-fluoroquinoline, 
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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, +@-cenrer 

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 [278-2811 and silicon 63 [282]. Cyclic six-membered intermediates have been 
proposed for many reactions, e.g. the stereoselective alkylation of aldehydes with pen- 
tacoordinate fluorosilicates [283]. 

F 

mer-61 [278] 

F 

k-82 [278] 

(vi) Intra- versus intermolecular steps: +cC/+C 

The ratio +Cc/+C describes the formation of bonds by discrete n-center versus in- 
termolecular steps [3]. Although this ratio applies to elementary steps, it is related to the 
experimentally determined rate constants for intra- and intermolecular reactions, and the 
magnitude of the ratio &,.J&,u,r, referred to as the “effective molar@?‘, is useful for ana- 
lyzing the relative importance of intra- and intermolecular reactions in organic, or- 
ganometallic, and enzymatic reactions [284]. 

Multistep reaction pathways often contain both acyclic and cyclic steps, and the 
competition among the various steps is influenced by the size of the ring, stereochemical 
constraints, small changes in bond strength, and nature of substituents or reaction condi- 
tions. The silanes Me2NSiH2Cl and MezNSiHs may serve as an illustration, since 
M%NSiH$I 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], 

+%(4)N(3) 
4carwr 

+%(4)N(3) 

Si-N + SCN * Si_N__Si_N s Si i 
\ 

3 
(38) 

\ 
%4)W) -G$g) N 

SCN = MeflSiH,Cl 
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whereas MezNSiHs forms a cyclic pentamer, with all Si-N bonds involving pentacoordi- 
nate silicon being equal, 197.6 pm [286]. 

+%4N’W) 
Si-N +4&g; 

Si-N + Si-N + Si-N-Si-N * * Si-N-Si-N-Si-N-Si-N-SW * (Si-N)5 (39) 

-%4W) -G$$y 

Si-N = Me,NSiH, 

(vii) Fluoride-induced reactions 

Fluoride ion catalyzes the cleavage of numerous chemical bonds, for example, 
aryl-Si [58,183,287], alkenyl-Si [288], Ph,PCHfii [289], Si-H and Si-N [290], Si-0 
[290,291], and Si-Fe bonds [292], as well as ring-cleavage of S&CCC bonds [148]. 
Common sources of fluoride ion include KF in 18-crown-6, KF and CsF in donor sol- 
vents, tetraalkylammonium fluoride, MesSiF,-, or FHF. Fluoride-induced reactions of 
silicon and phosphorus compounds probably involve the stereospecific formation of five- 
and six-coordinate intermediates [293,294]. 

I= l- 
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(40) 

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 [298]. The reactive anion I$SNF- is generated 
by the addition of fluoride ion to F4S=NF [ 1621. Fluoride addition to perfluoroalkenes 
gives useful intermediates in fluorocarbon chemistry [299], and MesSIF,- is a convenient 
source of fluoride ion for the preparation of stable isolable perfluoroalkyl carbanion salts 
[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 fluoride donors, and the C-F bond is 
relatively long and weak in the anion CF@- (139.0-139.7 pm) or the anion (CF&CFO- 
(144.6 pm, calcd.) [302]. The anion (CF&FO- donates a fluoride ion to the phospho- 
rane (PFP)PFs to give the co~spond~g fluorophosphate (PFP)PF4-, along with 
hexa~uoroa~etone, eqn. (41) [303]. 

+%wot -%3W1 

(PFP)PF3 + (CF&XO- ‘+= (PFP)PFs-F--c&X&O- * (PFP)PFi + (CF&CO 
(41) 

The reaction of (chloromethyl)trimethylsilane 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 eqn. (42) [304]. 

Me,SiCH,CI + F 

%(4)F(O) 

* Me,Si(F)C~Cl- + t&$xiF + Cl‘ 
(42) 

‘6slc41FtOI 

Isome~tion and ~c~~tion of ~~lsil~es occurs in the presence of CsF in di- 
me~ylfo~~ide [305], and isome~tion is observed in fluo~~ h~ero~omatics 
using CsF or KF in sulpholan or acetonitrile [306]. 

Fluoroanionic intermediates have oflen 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 SFr- [307] and &FsSeF4- is a postulated intermediate in the reaction of 
C,F$eFs with ClF in the presence of CsF [308]. These anionic 10-E-5 intermediates pre- 
sumably have a square pyramidal structure (C4,) with a lone pair of electrons in an octa- 
hedral site, as established for the anions SFr- [309] and TeFS;- [3 lo]. In the related anions 
C2FSSeF4- [308], CF$F4-, (CF&CFSF4- [3 111, TeF40R- or FrTe(OCHzCH2NH)- [3 121, 
perfluoroalkyl or 0x0 ligands are assumed to occupy a site ?runs to a lone pair of elec- 
trons. A similar structure has been proposed for the di-substituted anion PhxTeF3-, and a 
phenyl substituent must occupy a site trans to a lone pair of electrons in order to account 
for the stereoselective synthesis of cis-Ph2TeF4 in the halide-catalyzed oxidative-fluorina- 
tion of PhzTeFz with XeF2. The cis isomer can then be converted to fruns-PhzTeF4 by 
means of fluorine-bridged intermediates [ 181. 

Ph ? 

Ph2TeF2 

+%(4>F(O) pl?. .y 
%, I 

c F + 
,Tez\‘ 

-%3(4W) 
F F 

(431 
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Addition of fluoride ion to silicon, and related elements, also occurs in the gas 
phase, where the first step is the formation of a pentacoordinatedI fluorosilicate, e.g 
Me&F- or (MeO)&GF, followed by a variety of decomposition pathways which, how- 
ever, generally retain the strong Si-F bond [292,3 13,3 141. 

In all of these fluoride-induced reactions, the formation of adducts or intermediates 
is favored by the large fluoride ion affmity of main group compounds, as determined by 
ICR measurements, e.g. BFj (301 kJ mol-I), PFS (356 kJ mol-i) and $iF4 (251 kJ mol-i) 
[68]; or by lattice energy calculations, e.g. BF3 (385 kJ mol-l), PFs (423 kJ mol-t) and 
AsFS (464 kJ mol-l) [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 structures of Te(OH)e*NaF and Te(OI&*2RF [3 151. 

D. BOND DISSOCIATION, -C AND -cc 

In most instances, the high E-F bond dissociation energy of main group fluorides 
precludes direct bond cleavage. Although this bond energy depends, among other factors, 
on the nature of the substituents in the molecule, 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%, although larger differences of 8 and 9% are found in SbF5*- and SFs-, re- 
spectively. Such changes in bond length/strength are presumably too small to allow rapid 

TABLE 4 

Typical E-F bond lengths in four-, five- and six-coordinate fluorides 

Species E-F ax (mean) E-F eq (mean) 

PFs 157.7 153.4 
MePF4 161.2 154.3 
SiFS 166.0 162.2 
PhSiF4 169.1 162.6 
PhMeSiFs- 169.5 162.1 
PhzSiFs- 170.5 166.2 
SF4 164.6 154.5 
SFS- 155.9 171.8 
SeF4 177.1 168.2 
TeF4 190 179 
TeFS- 186.2 195.3 
PhJTeF3 192.4 196.0 
PhsTeFzOH 195.8 201.6 
SbF,*- 191.6 207.5 
IF5 184.4 186.9 
XeFs+ 181.3 184.3 

Ratio ax/eq Ref. 

1.03 [761 
1.04 13161 
1.02 [3l71 
1.04 [3l7l 
1.05 t3l81 
1.03 I3171 
1.07 13191 
0.91 13091 
1.05 ~3201 
1.06 ~3211 
0.95 13221 
0.98 V861 
0.97 11871 
0.92 [3231 
0.99 13241 
0.98 13091 

- ~~ 
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cleavage of strong 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 ofjluorine-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 
B2F7-, which is a rapid process at -100°C but can be stopped at -155’C [232,340]. The 
weak B--F--B bridging bond contains 8-F-2 fluorine and 8-B-4 boron, but the stable B-F 
terminal bonds contain 8-F-l fluorine and 8-B-4 boron. 

F 
k 

F-=B --F-- B* F 
R 

BP, + BP,- (44) 
F 

With a stronger Lewis acid such as aluminum, bridging bonds are also weakened. 
As seen in Table 5, the aluminum-fluorine bond in monomeric A& (163 pm) is length- 
ened in bridged species such as MesAl-F-AIMeJ- (178.2 pm), EtsAl-F-AlEts- (182 pm), 
or [Me2AlF14 (18 1 .O pm) [341]. Despite a lengthening of about 9-12%, however, the 
bridging Al-F-AI bond, with 8-Al-4 alumimun and 8-F-2 fluorine, remains too strong for 
rapid cleavage, and aluminum fluorides are rigid under mild conditions, in fact, 
[Me2AlF14 and [EtzAlF14 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-BFs (Table 5), and this small 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 for rapid intermolecular 
fluorine exchange in four-, five- and six-coordinate silicon fluorides, and Arrhenius plots 
for the SiFS--SiF6*- and MeSiF,-MeSiF4- systems gave E, = 21 and 23 kJ mol-I, 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 
recently by X-ray crystallography [3 71. 
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TABLE 5 

Bond lengths (pm) and ratio of terminal and bridging element-fluorine bonds 

Compound E-F &F--E E-F+Z/E-F Ref. 

SiHjF 
H$i-F-SiHj* (calcd) 
o-C&(SiPhF&F 
P2F11- (~~4 

F2’3%12~ 
AlF3 (monomer) 
Meg%-F-AlMes- 
Et3Al-F-AlEt3- 
F,Sn--F-SnF2- 
F,Sb-F-SbF$- 
FXe-F-XeFt 
F,Xe-F-XeFf 
Cu(PPh3hF-BF3 
A&J’fQlu-F12PF4 
SeFJ+ 
TeF3+ 
ClF3 (-100°C) 
BiFS (chains) 

159.3 

160.1-165.7 
156.7-157.2 
160.7-172.9 
163 

207-208 
178-l% 
190 
180-186 
135 
151 
166 (ave) 
183-186 
157.0-174.3 
190 

177.9 1.12* 
189.8-206.5 1.22 
183.1 1.17 
211.7 1.27 

178.2 1.09b 
182.0 1.12b 
222 1.07 
200 I,07 
214 1.13 
22 l-226 1.22 
139 1.03 
156 1.03 
243 (ave) 1.46 
254-269 1.42 
270.6-274.0 1.64 
211 1.11 

W71 
WI 
t371 
WI 
WI 
13281 
13291 
[3301 
f3311 
t3321 
13331 
13341 
[3351 
[3361 
t337l 
[3381 
13391 
(1311 

BCompared to Si-F bond length in SiH3F. bCompared to Al-F bond length in A&. 

Symmetrical 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 Sn must involve an un- 
symmetrical intermediate with 1 O-E-5 and 12-E-6 elements, as shown in eqn. (46). 

+CEfm) 
EF6*- + EF, + 2 EF5- (46) 

-cE(4)F(1) 

F 

E = Si [VJ[343], E = Ge [344]i E = Sn [345] 
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An ~~~~a1 fluo~~b~dged P-F--% ~t~e~ate can account for the syn- 
thesis of PhPF5- in the reaction of PhPF.+ and SiF$- [346], 

and cleavage of a budging Si--F-C bond is a conv~ent way of fo~~g ~~~~uo~e 
bonds in the reaction of ~~uoro~m~ylsili~ate with pertluoro olefbts or ketones 13001. 

D~ff~oro~rne~yls~li~ate can also be used to prepare sulk-fluo~e compounds, 
via a S&-F-S intermediate, but in liquid sulfur dioxide, the initial product SQF- under- 
goes rapid intermolecular fluorine exchange, although exchange is stopped in acetonitrile 
as solvent [347 1. 

Me.$iF2’ 
-csy4JW1) so2 

so2 * * M~FSi-F-S02- e Me$F + SC$F * i32S-F-SC32* (49) 

CCW4Wl -so2 

Ridging P-F-Sb bonds are ~doub~dly responsible for the rapid reaction of pen- 
~fluorohy~dophos~ate anion with excess antimony ~n~fluo~de {348]. 

Stable g-S-3 sulfur cations can be prepated fiom 10-S-4 sulfbranes such as SF4 
[349], CF3SF3 or (CF&SF, [350] by reaction with Lewis acids SbFs, AsFS, PFs and BF3, 
and these reactions poshly involve ~te~~a~s with S--F-E bridging bonds. 
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Bridging S--F-As bonds can account for the formation of FS02N=SF,, as a result 
of fluoride abstraction from F.$NSO$- by arsenic pentafluoride [351]. An impurity- 
catalyzed sulfur-fluorine bond cleavage process in organosulfur fluorides such as R2NSFs 
and PhzSFz [39,157,158] is most likely due to the presence of Lewis acids such as BFs 
and SiF4 from the HzO-I-IF-glass system [26], and rapid exchange may be attributed to 
bridged S--F-B and S--F--S intermediates, as postulated in eqn. (52). 

EF3 -%W 1 vJSF3 

R2NSF3 V= F&NSF,--F-BF, @ f$NSF,+ + BF,- * F$NF$--F-SFfll$+ 
(52) 

+%F(l) -F&NSF, 

The addition of AsFS to RuFs2- leads to tetrameric RuF4 [352], presumably as a re- 
sult of Ru-F-As bridged intermediates, and the reaction of TeF4 with a rhodium complex 
to give L4RhTeFs+TeFS- has been described [353], while SF,, reacts with an iridium com- 
pound to give LJr(F)SF3 [354]. On the basis of exchange studies with the radiotracer 
fluorine-18, it was established that anions SbF6 or AsF6 are kinetically more inert than 
anions PFa or BF_+- towards the hexafluorides of molybdenum, tungsten or uranium 
[355]. The hydrolysis of fluoroanions such as PFa, BF4 or AsF6 undoubtedly requires a 
bridged intermediate for fluoride abstraction; indeed, hydrolysis is catalyzed by typical 
hard acids such as Ben, Al***, Zriv and Thiv [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 XeFs- [33] implies that in intermediates of the type ON- 
F-XeF4 and ON-F-XeFs-, the former bridged intermediate leads to the formation of 
XeFS-, but the latter reverts to starting materials NOF and XeFS- without any formation of 
XeFs2-. 

In some anions, either fluorine or hydrogen bridging is feasible, but an X-ray struc- 
ture analysis proved that the anion 02FSO-H-OSF02- contains a short hydrogen bond 
[357]. Hypofluorous 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 
R2FSiO-H-OSiFR,- (R = mesilyl) is hydrogen-bonded rather than fluorine-bridged 
[359]. 

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 latter 
situation is encountered in the PhPFsH-PhPF4H- and PhPF4-PhPFs- 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 t&substituted fluorides RsEF,, as 
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discussed in a previous section, consequently, site-selective E-F bond cleavage can be 
observed in a series of triphenyltellurium(VI) fluorides, e.g. mer-Ph3TeF3, mer- 

PhsTeF&Zl or mer-PhsTeFzOH. In each molecule, only the Te-FB bond is cleaved, but not 
the Te-F* bond, as verified by i9F and lzsTe NMR. A rigid and planar PhsTe moiety in 
65-67 presumably prevents scrambling of non-equivalent fluorines in all reactants and 
intermediates [2,186,187]. 

FA FA -I+ FA FA F 

P2 
‘; 

Ph P$ 
,\’ +CWW(l) *Ph 

‘St 
Te->’ + 

“#, 

’ Te-Ph @ &Ph 

-%(5)F(l) Ph 
(53) 

X X 

65 66 67 X = F*, Cl, 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 Ph3TeFr 
Ph3TeF2+-PFs- system, bond cleavage involves only the tellurium species, however, on 
addition of PF5, rapid exchange occurs among the phosphorus species PF5 and PF6- 
[ 1861. Selective P-F bond cleavage has also been postulated in adducts of PF4+ [26]. In 
the XeFs-SbF5 system, selective Sb-F bond cleavage occurs, without involvement of 
cationic XeFs+, as demonstrated by the AB4 19F NMR spectrum of rigid XeF,+, together 
with a single fluorine line arising from fluorine exchange between SbF6 and SbF5 [360]. 

SbF, -cXe(5)F(l) SbF, 

XeFG + F,Xe--F-SbF, + F5Xe+ + SbF6- + Sb2F,,- (54) 

-SbFS +%(S)F(l) -SbF,- 

Carbon-fluorine bonds are generally cleaved in the presence of a strong Lewis acid 
[361], and those conditions which favor 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 rapidly at -60°C on addition of arsenic pentafluoride in liquid S02; cleavage of a 
C--F-As bond in intermediate 69 leads to cation 70, which can be identified by NMR 
[362]. 

[(CF,)CFSel, * 

66 

69 70 
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Three successive C-F-Bi bridges are pliably cleaved as all fluorines from one 
~ifluorome~yl group of 2,4,6-(~F~~~C~ONa are replaced in the presence of BiCb 
1363 3, but for the cleavage of stronger c~bo~fluo~ne bonds, other mech~i~c features 
are important, as discussed in the next section. 

A bridging C-F--B bond is found in a boron ~ffuorid~fe~yclo~~diene com- 
plex 13641. Cleavage of an aromatic carbon-fluorine bond occurs during oxidative-addi- 
tion of a tungsten complex, but tbe 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 fluorine-bridged intermediates appear to play the same sole as they do 
in solution [366]. 

F M8@ii,H, -csyc)Yl) 

Me4Si * Me,SIF- * Me,Si--F-SiMe,(C&)- * Me,Si + SIMe,(C,Hs)F (56) 

+%4w 

An important characteristic of main group fluo~des EF, is their ~phote~c nature, 
which promotes the intermediacy of cationic and anionic species [367,3 121, according to 
eqn. (57). 

MF5 

=“+I‘ 
+ EF” 

K= EF,.,+ + MF,‘ (57) 

F 

For some elements, an extensive series of ionic and neutral species has been identi- 
fied, for example, PF4+, PF4’ and PFd- [98,153,368], or Me2PF2+, Me*PF,, and Me2PF4- 
[369], or CFsSF2’, CF$Fs, CFsSF.,+, CF,SF.,-, and CF3SFS [370]. Additionally, odd-elec- 
tron species such as PFz., PF4 * , SF3 * and SFS’ have been characterized by ESR and 
studied by MO methods [371,372]. If all these intermediates, in turn, are capable of elec- 
tron transfer reactions, then a multitude of reactive intermediates, of assorted geometry, 
coorclmation number and electron count, are available for bringing about chemical trans- 
formations. 

Fluo~ted cations are bridged in the solid state to neutral or anionic fkorides, as 
illu~t~ by the structure of XeF2 *XeFs * AsF6 in which the cation XeFs+ is bridged to 
XeFz and AsFG- [373]. Cationic fluo~e-bridged intermediates are responsible for rapid 
bond cleavage in a variety of systems, such as dissociation of XqF,t+ 10 XeF$+ and XeFs 
[374], or fluorine exchange in the Ph3TeFzX-PhsTeFX+ (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, 

XeO,F+ + Xe02F, # F02Xe-F-Xe02F+ (58) 

-c, 6WV) 
and rapid cleavage of As--F--As bonds occurs when R3AsF2 is treated with PFS or BF3 
[376]. 

+%4F(V 

R,AsF, + R,AsF+ * F$FAs-F-AsFR,+ 
(59) 

Octahedral cis and truns isomers of a variety of main group fluorides have been re- 
ported, including tellurium fluorides, e.g. cis- and trans-F2Te(OTeF.& [377] and cis- 

(C6F&TeF4 [378], and cis and truns sulfur fluorides [162,379], and related derivatives 
[380-3831. The isomerization of geometrical isomers is catalyzed by Lewis acids, as 
demonstrated by the SbFs catalyzed isomerization of trans- to cis-FzTe[C&I&(CF,),012 
[384], or the SbFS, PFS and BrF, catalyzed isomerization of tram to cis- 
F2S[C6H4C(CF3)20]2 [385]. In the catalyzed isomerization of cis- to trans-PhZTeFq, the 
cation Ph,TeF,+ 72 is assumed to be the chain carrier, converting cis-71 to trans-74 via a 
fluorine-bridged cation 73 [ 181, as shown in eqn. (60). 

F 

72 

(60) 

F Ph F Ph 

73 72 tram-74 

A modest shortening (strengthening) of the fluorine-element bond generally ac- 
companies the formation of a cation, for example, the N-F bond in NF4+ (130 pm) [74] is 
shorter than in NFJ (136.5 pm) [386]. The Cl-F bond in ClF*+ (156.5-156.8 pm) is 
shorter than in ClF3 (157.0-174.3 pm), and the secondary bridging Cl--F bonds in ClF2+ 
(226.3-229.7 pm) are also shorter than the secondary bonds in tetrameric ClF3 
(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 
10 pm in the cations XeF+ and KrF+; this decrease in bond length is offset to a small ex- 
tent by solvation, as illustrated by a bond lengthening of 1.6 pm in solvated cations 
HCNXeF+ and HCNKrF+ [ 881. 
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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-sulfbr bond is cleaved in 
cation RSF4+, rather than a sulfur-fluorine bond, during the reaction qf MeSFs or EtSFs 
with arsenic or antimony pentafluoride [388]. This reaction is accompanied by an overall 
reduction of 12-S-6 sulfur to 8-S-3 sulfur as cation SFs+ and fluoroalkane are formed. 

-7oOc 2o”c 

CH,SF, + AsF, + CH,SF,+ AsF,- + SF,+ + CH,F (61) 

An analogous reaction of arsenic pentafluoride with trans-CFsSF&l gives the cat- 
ion SFQ and CF4 [389], and a carbon-selenium bond is cleaved as organoselenium(V1) 
fluorides decompose to selenium(IV) fluorides and fluorocarbons, e.g. CFsSeFs to SeF4 
and CF4 [390]. Arsenic pentafluoride also facilitates the rapid reaction at -78°C of CF31F4 
to give IF2+AsFe- and CF, [391]. 

Occasionally, the central element is reduced even though a Lewis acid is not delib- 
erately added, as illustrated by the conversion of “BusBiFz to “Bu*BiF and “BuF, or the 
conversion of C6FSAsF4 to AsF~ and C6F6 at temperatures above -78°C [392], however, it 
seems reasonable to propose 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. 

%WF4 -%(4)F(l) 

V&F4 e CsFshF3--F-AsF4C,F, - C,F.$sF3+ + C,F, AsF5- * etc. 
(62) 

75 +%(4)F(l) 

In the presence of SiF4, the postulated bromine(V) species RsBrF, gives as the final 
product a reduced bromine(II1) compound R2Br+SiFS-, along with fluoroalkane [393], and 
CH31F2 decomposes to CH3F and IF in glass apparatus [22,376]. 

Tellurium-carbon bond cleavage and reduction of a tellurium cation has been pro- 
posed for the conversion of Bu4TeMe+ to BusTeMe, and for the reaction of a biphenylene 
tellurium cation (C6H4-CsH&TeCH3 [211]. 

The details of the cleavage of carbon+lement bonds in cations REF,,+, as well as 
the formation of fluoroalkane, 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 F- or F’ donor. 
Organofluoro cations REF,+ can thus function as either R+ or R’ donors. Among the dif- 
ficulties of identifjling 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-element 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+AsFe- [395]. Cationic species are reasonable intermediates in these reactions, 
as postulated in eqn. (63). 

A% hF5 -%5MV 

Te(CQ2 * (CF&Te-AsFs * (CF&TeAsF,--F-As-F, * (CF&,TeAsF, -a (CF&TeF+ + AsF, (63) 

The alkylating properties of a mixture of methyl fluoride and antimony pen- 
tafluoride in sulf?rr dioxide, which generates the species MeF-SbF5, MeOSO+ and Sb*F, r- 
[127,396], may be rationalized by a sequence of steps involving cationic and fluorine- 
bridged intermediates, although the details of the methyl transfer step are not specified in 
eqn. (64). 

SbF, SbF, -CSb(5)F(1) so2 

MeF * MeF-SbF5 + MeF-SbF,--F-SbF, * MeF-SbF,+ (+ SbF,l + 

SbF,- 

MeOSO+ + SbF, e Sb2F,,- (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 Fe to xenon under mild conditions to give XeF+Sb2FiI- [397]. A similar 
mechanism, involving cationic and fluorine-bridged intermediates, may be suggested for 
the cleavage of the fluorine-fluorine bond in Fz, as postulated in eqn. (65) 

SbF, SbF, -%b(S)F(l) 
Xe 

F2 T= FF-SbF, +FF-SbF,--F-SbF, + FF-SbF,+ (+ SbF,) * Xe-F--F-SbF,+ 

+‘Sb(S)F(l) 

-cF(l)F(l) 
SbF; 

+ XeF+ + SbF, + Sb2F,,‘ 

+CF(l)F(l) (65) 

Oxidation of elemental sulfur and selenium by AsFS or SbFs is facilitated by the 
presence of traces of halogens, Cl,, Brz or I2 [398], and oxidative-chlorination of CF$Cl 
to CF$C12+ is carried out with either C12/AsFg, or C12F+AsF6- in SO2 [399]. 

If the cleavage of carbon-element 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 iunder cationic re- 
action conditions, i.e. (CsF&TeF2 to Te(C6F&+ [400], and the formation of a car- 
bon-iodine bond occurs in the reaction of pentafluorophenyldifluoroiodine with 
tris(pentafluorophenyl)boron [401]. The formation of (CsF5),IF could involve a cationic 
intermediate, C6F51F+, although details of the aryl transfer step are not specified in eqn. 

(66). 

+%4Y1) -%WU) Ws’Fz 

C&lF2 + WC&l3 @ C6F,IF-F-Et&F& * C6F51F+ + B&F&F + (C&F&IF etc. 
(66) 

The recent synthesis of organoxenon compounds also occurs under reaction condi- 
tions which favor cationic intermediates, since the reaction with xenon difluoride occurs 
in the presence of a Lewis acid such as B(C6F& [401,402]. 

An equilibrium 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 FSP:AsF5 is stable, but this adduct dissociates 
between -130 and -78’C, and above -78°C only oxidized PF5 and reduced AsFs are pre- 
sent [98]. The multistep pathway of eqn. (67) postulates that only two types of bonds are 
cleaved, namely, donor-acceptor bonds Pm-AsV and PV--Asm in the adducts AsF5:PFJ 
and PF5:AsFs, and fluorine-bridged bonds As--F--As and As-F-P. 

5 MS &Fe- M6- -MS 

AsFs * F@sF, * F$‘AsF,-F&F, * F3P”F,+ + FsAs-F-PF+F, * 

-PF3 -ASF5 +AsF6- -A!sF6- *PBS 

4 -A+- Ab6- -w5 -PF5 

F*P-AsF, * F,PAsF,-F-AsFs + F,PAsF3’ * F&i-F-PF,A.sF3 ~F@sF, + At+ 

-ASF* +PF5 +PF5 +% +PF5 (67) 

A redox reaction also occurs between SbF5 and PF3 at room temperature, but the 
reaction is complicated by further reaction of the products with SbFS [98]. 

A reduction of phosphorus(V) to phosphorus(II1) is illustrated by the conversion of 
PhPFsH to PhPFz in the presence of triethylamine, and this reduction is accompanied by a 
rapid phosphorus-fluorine bond cleavage process in the PhPFsH-PhPF4H- system. As 
outlined in eqn. (68), fluoride abstraction from the neutral hexacbordinated adduct 
PhF$-IP:NEts can generate the anion PhPF4H-, and the latter anion then undergoes rapid 
fluorine exchange with phosphorane PhPFsH. Deprotonation of the cation PhF2HP%Et3+ 
by triethylamine then leads to PhPFz and Et$II-I+, eqn. (69). The overall stoichiometry of 
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eqns. (68) and (69) is well established, and the details of the fluoriue exchange process 
are in agreement with iH and 31P NMR experiments 1441 

NE$ PhPF3H FW3R 

PhPF3H + PhF~HP-NED + PhF&iP-NE~* + PhPF4H- * P~~RP-F-PF~HPh- (68) 

-NEta -PhPF$H -PhPF3H 

NEt, 

PhFzHP-NEta+ -3 PhPFz + E&NH+ + Et3N (69) 

In a somewhat more complex system, PhPF2HOMe-MeOH-pyriclme, 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 unsuccesstirl becanse of the limited stability 
of the samples above lO*C f 109,403]. 

The dispropo~onation of o~~opho~ho~s(I~I) ~orn~~~, i.e. RPFz to RPF4 
and @P)H 14041, or R2PF to RzPPRz and R2PF3 [405], is a method of formmg phospho- 
rus-phosphorus bonds. Hydrogen fluoride catalyzes these reactions [404] aud, since hy- 
drogen fluoride is kuown to form stable phosphoraues such as RzPHFz and RPF,H, these 
phosphoranes are reasonable intermediates in disproportionation reactions. If the phos- 
phorane forms a Lewis acid-base adduct PhPF3H:PPhFz 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 0, products. All phospho~es and 
cations are presumably solvated, and it is interesting that dispropo~ionation of PhPF2 is 
faster in acetonitrile solution and leads exclusively to hexameric (PhP),, rather than pen- 
tameric (PhP)s [406]. 

Organofluorosulfkr cations are also implicated in the reactions of xenon difluoride 
with alkyl sulfides or sulfur-containing amino acids or biotin [407,408]. This reaction 
probably proceeds via a sulfbrane R2SF2 which is converted to the cation R$W’ by a 
Lewis acid such as RF3 14091, or by contact with borosilicate glass [26]. Deprotonation of 
the cation, followed by transfer of fluorine from sulfur to carbon, then gives the fmal a- 
fluor~ated product, FCH$R, eqn. (70). As in other cations, it is ~licitly assumed that 
the S-F bond iu CH3(R)SF+ is s~en~en~ relative to the parent safes but this may 
be accomp~ied by a weakening of the C-H bond ~~rconjugation) so that deprotona- 
tion by base or fluoride ion can occur more readily via a bridged C--H-base intermediate. 

XeF, 3F3 H 
base 

CH3SR -+ CH@)SF, * bY(R)SF+ + basei? * Ci+s(R)F -+ FCH$R 

BFi 
(70) 
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Oxidative fluorination with xenon difluoride is carried out more effectively if the 
salts are used, e.g. XeF+AsF6-, XqFs+AsF6[333] or XeF+SbF6 [4109. Reactions of xe- 
non difluoride are catalyzed by Lewis acids such as BFs and R*O:BFs [ 19,411], or 
B(ORh [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 involve the formation of Lewis acids as a result of interaction with metal or 
glass surfaces [ 18,261. Those reactions of xenon difluoride that are catalyzed by hydrogen 
fluoride are inhibited by fluoride ion because of the formation of FHF fi333]. 

Oxidation of xenon with AgF2 is carried out in the presence of fluoride ion accep 
tars such as AsF5 or BFs, and oxidation occurs, presumably, via cationic and solvated 
AgF+. Undesirable precipitation of Agi salts is prevented by ensuring that all reagents are 
scrupulously dry [4 131. 

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

The formation of ionic species in redox reactions of organoiodine halides is also il- 
lustrated by the reaction of PhIClz in acetonitrile, in which tin(B) chloride is converted to 
the stronger Lewis acid tin(N) chloride [394]. 

sna, PhlCh MeCN 

PhlCI, -_) Phl + SnCl, + Phla+ + sna5- * SnCI,(MeCN)* (72) 

Somewhat paradoxically, 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 AsF&l- probably undergoes fluoride abstraction by 
AsF5. A series of bond cleavages via halogen-bridged intermediates, accompanied by the 
addition of Cl- gives, eventually, the stable products CsAsF6 and AsCl.,+AsF6. If KBr is 
used as a source of halide ion, then AsFS is reduced to AsFJ. 

6 AsF5 + 4 CSCI --) 4 CsAsFG + AsCI,+AsF, (73) 

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

XeF*AsF,’ + RSR -_) F$SF+AsF; + Xe (74) 

but a direct transfer of F+ via intermediate R+-F-Xe+ is unlikeiy 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 a 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 fluorocations are also present, for example, the MF3 ’ + radical cation 
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has been observed during the decomposition of NF.,+ salts [414], and polyphenyl radical 
cations have been observed during reactions of xenon difluoride with aromatic com- 
pounds [ 19,4 151. Radical intermediates have been postulated for the reaction of xenon 
difluoride with P-O [4 161, Si-N and Si-S [4 171 compounds, and fluorination with transi- 
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) Odd-electron intermediates 

Substantial changes in bond strength often accompany a change in electron count as 
ions REF,+ or REF,- are converted to a radical REF*’ . Such appears to be the case in 
organofluorosilanes, where a silicon-carbon bond remains intact despite the rapid cleav- 
age of bridging Si--F--Si bonds in systems containing RSiF3, RSiF4- and RSiFs2- [17]. 
Many hexacoordinated organofluorosilicates RSiFs2- 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’, Agr, Pd**, Hg’, Hgu, TlIn, Bin’, and 
N-bromosuccinimide [58,42 11. 

Electron transfer from RSiFS2- to tetracyanoethylene (TCNE) has been investigated 
by electron spin resonance, which contirms the presence of the TCNE ‘- radical anion, but 
RSiFs ‘- was not detected [422]. Although a fluorine-bridged intermediate may facilitate 
the electron transfer process, the fluorine ligand is not transferred and the electron at?inity 
of TCNE is evidently greater than its fluoride ion affmity. 

RSiF52- + (NC)2C=C(CN)2 + [RSiF,--TCNEf- * RSiF,“ + TCNE’- (75) 

Organopentafluorosilicates behave as a typical source of R’ and give, under various 
conditions, coupled products R-R, protonated products RH, organoelement derivatives 
R2Hg, R,Sb or R3Bi, and halocarbons RX [58,423], and these results provide additional 
support for the existence of intermediate RSiFti ‘-. A study of the stereochemistry of 
bromination at carbon in norbomylpentafluorosilicates suggests that Br or Br ’ attacks 
RSiFS ’ -, with inversion at carbon, but this process is accompanied by cleavage of the sili- 
con-carbon bond to generate R’ and SiFS-, with racemization at carbon [424]. 

The fluoride-induced weakening of a stable silicon-carbon bond in organosihmes is 
thus seen to be a multistep process involving distinct silicon species, RSiFs, RSiF4-, 
RSiFs2-, and RSiFs’-, as shown in eqn. (76). 
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RSiF, -+ RSiF,- -+ RSiF,*- + RSiF,‘- 4 etc. 
(76) 

8-Si-4 1 o-s-5 12-Si-6 ll-Sib 

Silicon--carbon bond cleavage in RSiFs occurs under mild conditions in the pres- 
ence of Me3N0 [425]. The cleavage of a methyl-silicon bond and the fbrmation of meth- 
ane at O*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 S-center steps, electron-delocalizing lig- 
ands, and hydrogen-transfer reactions. 

Me “I 
CH SlCH*NC~~~ + HO-H -+ 

“/ 
Me0 

+2MeOH +CH4 

(77) 

II 

H 

A change in electron count is accompanied by significant chauges 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 trigonal bip~i~ PFs (153.4-157.7 pm) [76] as ~c~~~ py- 
ramidal PFs * - (164-173 pm, calcd.) is formed, and the unpaired electron resides in au 
apical position, according to ab initio calculations [427]. The loss of a fluorine atom from 
PFs 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 fluorophosphines and fluorophosphonium ions [428]. In these fluorophospho- 
ranyl radicals, the electron resides in an equatorial site, but with aromatic ligands the tm- 
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 lone pair of electrons [371], 

Without electron transfer, the effects on silicon-carbon and silico~fluo~ne bond 
lengths with increasing fluorine substitution are known. For example, the silicon-carbon 
bond in Me$iF (184.8 pm) is shortened by I. 1% in the trifluoro derivative MeSiF3 
(182.8 pm) [430], and ab initio calculations indicate a lengthening of the silicon-carbon 
bond, up to 5.5%, along the series CH$iF3 (185.6 pm), CH$iFJ- (189.8 pm) and 
CHsSiFs2- (195.9 pm), with a len~ening of the silico~fluorine bond% up to 8.7%, along 
the same series, CH3SiF3 (165.2 pm), CH$iF,- (169.8-176.0 pm) and CH$iF$- 



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

(176.0-l 79.6 pm) [43 11. These differences in bond length are presumably 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 stereoi~me~tion of a 9-P-4 phosphor~yl radical, containing a per- 
fluorop~acol 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 mol-i [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]. 

Nut:- -NW* -I R,C=CR, 

R,I +. *r ~R+Nuc]‘ + R+” * R,. * R,CR&iR,* * etc. (78) 

Perfluoroalkylation also occurs in the presence of electron mediators such as 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 perfluoroalkyl iodides with olefins generally require temperatures in 
excess of 160°C. 

T~~uo~m~ylation with CFsBr occurs under mild conditions in the presence of 
the radical anion SOz*-, and the source of the latter species is either Na-&04 or SO2 and 
zinc [439]. The reaction of CFsBr can also be carried out with elec~~hemic~ly- 
generated radical anions [440]. 

+%r(r )S(Z) -‘C@)Br(l) 

CF3Br + SO,‘- + F,C--Br-SO,“ * CF,+ + I3rSO,‘- + etc. (79) 

%r(l)S(2) +CC(3)Br(l) 

Electron transfer between di~uorodihalome~~e CFzXz and zinc and cadmium 
metals, and the formation of a radical anion CF2X2’-, has been proposed as the first step 
in the preparation of (~~uorome~yl)ca~i~ 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&C!FO- behaves as a typical fluoride ion 
donor, but the anion can also be a source of fluorine atoms in the oxidation of certain 
phosphorus@) compounds, as illustrated in eqn (80) This reaction is accompanied by 
dimerization of the hexafluoroacetone ketyl (CF3)2C0 * - and fluoride ion transfer to give 
(PFP)PFa- as the final product, hence, the overall reaction involves transfer of both F’ 
and F- [303] 
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Fluoro substituents can stabilize free-radicals of the main group elements, e.g. 
(CF&NO [443] or cyclic-CFsCSNSCCF, [444], and direct addition of a radical is a 
common way of generating neutral odd-electron intermediates [445,446]. 

+%l(3)0(1) 

Me,Si* + CF&(O)OMe T= Me3Si&(OMe)CF, 

-%(3)0(l) 

+%wo) 
t-BuO* + (f-BuO),P += (t-BuO),P* + (t-BuO),PO + f-Bu* 

(81) 

(82) 

Fluoroanions AsF6, SbFs- or SbZFII- are stable towards radical cations such as 
02+, Br*+, X2+, C6Fs+, CsHsN+ [447-450] or cyclic-CF3CSSSCCFj+ [451], and AsF,- is 
stable during the oxidation of Te[N(SiMes)2]2 to its radical cation [452]. 

IV-Fluoropyridinium salts are convenient sources of I? and have found wide appli- 
cation as electrophilic fluorinating agents. Their reactions parallel those of other oxidizing 
agents, for example, organosulfur compounds and amino acids tmdergo a-fluorination 
with either pyF+ [453] or XeFz [407,408]. Although pyF+ is formally a F+ donor, the in- 
creased N-F bond strength in fluoronitrogen cations [74] argues against a direct F+ trans- 
fer reaction, instead, a single electron transfer from a suitable electron donor may be re- 
quired before a weakened N--F-E bond can be cleaved [454], as postulated in eqn. (83). 

+%)W) -%m Fgc- -%W(O 
R$- + Fpy+ * F$C-Fpy + R&. + Fpy. + !4.$-F-py- + R.$F + py- * etc. (83) 

A recent study using an ion trap mass spectrometer has shown that a halogen cation 
radical CIZ a + will accept an electron from a donor such as benzene [455]. 

a;+ + C6H6 
# Cl,--C,H, l + # 

C6H6 l + + @I, (84) 
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(iv) &hated 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 demons~t~ by the similarity of the reactions of fluoride ion with silicon or 
sulfur compounds in solution 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 iH NMR spectrum shows that the equilibrium of eqn. (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 hy~ogen-ended adduct FSTeO-H-OTeFs- [458]. 

F,TeOH--NCCH, + F,TeOH + CH,CN 
(85) 

Krypton difluoride, a powerful oxidizer [459], can be stabilized as a solvated cat- 
ion, HCN-KrF+ 14601, and loss of 129Xe-‘4N coupling in nitrile adducts of XeF+ above 
-3O*C, in the case of the less basic ~~uo~a~l nitriles CPFsCN and C3F7CN, is a 
measure of the weakening of the Xe-N bond in these solvated cations [461]. 

-%e(l)N(l) 

RCbN-XeF+ + XeF+ + RC=N 
(86) 

+CXe(l)N(l) 

R = H, R, R, 

That pe~uorop~dine forms an adduct with XeF+, i.e. CsF,N-X*F+ [462], un- 
derlines the view that fluorocations are poor F+ donors, because XeF+ does not transfer F+ 
to pyridine even though pyF+ is known to be a stable cation. Evidently, any ffuorine- 
bridged intermediate such as CSFSN--F-Xe+ must be cleaved consistently at the weakest 
N--F bond, but CSFsN-XeF+ is sufftciently stable to be observed in solution. 

Ethers and other basic solvents can regulate the concentration of Lewis acid cata- 
lysts such as BF3 by means of dissociation of the adducts base:BFs 131, and equilibrium 
concentrations of stronger Lewis acids such as antimony pentafluoride can be maintained 
in sulfur dioxide solution by dissociation of the octahedral adduct SbFs:OSO [463 ] 
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-‘B(3)Cf2) 

f3F3 + R2O (87) 

Solvents also stabilize odd-electron species, for example, the S03F’ radical [464], 
which can be observed in liquid, gaseous and solid phases, forms a hydrogen-bridged 
radical in a fluorosulfuric acid solution of bis(fluorosulf%ryl)peroxide [465], eqn (88). An 
analogous hydrogen-bonded anion, 02FSO-H-OSF02- is also known [357]. 

+CWW) 

S03F; + HS03F + [02FSO-H-OSFOJ * tiSO,F + SOP 

-%G-w) 

(88) 

(v) Ring cleavage, 47 

The cyclic fluorine-bridged silicate 76 is rigid at -gOT, 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 equatorial 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 bip~i&l with 
two fluorines in axial positions 071. 

(89) 

The cleavage of phospho~~gen bonds in cyclic five-mem~ed ring organo- 
phosphates is of interest because of the role of such intermediates in phosphate [244] and 
enzyme [466] hydrolysis reactions. Often, however, the phosphomxygen bond of cy- 
clic or acyclic derivatives is fairly robust, as in per&coordinate P(OR)s or RP(PFPh, and 
it is not always clear which mechanistic features are responsible for a weakening of the 
phosphorus-oxygen bond. This problem has been studied in perfluoropinacol derivatives 
such as R2P(0)OC(CF&C(CF,),0H (R = Me, Ph). The methyl derivative is a hydrogen- 
bonded dimer in the solid state, but deprotonation by bases such as ttiethylamine, pyri- 
dine, imidazole or DMSO increases the solubili~ in organic solvents and shifts the equi- 
librium of eqn. (90) towards cyclic ~n~oordina~d phosphor [467]. A variable-tem- 
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perature 19F NMR study of the pyridine-catalyzed equilibration of trifluoromethyl groups 
in the phenyl derivative, gave the following reaction parameters: AH* = 33.5 kJ mol-l and 
AS* = -86 J K-t mol-r [468]. 

la 19 89 

The low reaction enthalpy of 33.5 kJ mol-r implies that only weak bonds are 
cleaved in the equilibrium of eqn. (90), and these weak bonds are assumed to be hydrogen 
bonds, i.e. protonation-deprotonation and monomer-dimer equilibria, and a weak P-O 

bond in intermediate 79 that is specifically assigned to an axial site which is truns to a 
phosphoryl substituent. The selective cleavage of such a trans P-O bond was demon- 
strated more clearly in the analogous PhzP(0)OC6H.+0H-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 truns 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 pertluoropinacol ligand leads 
to anionic 10-P-4 phosphoranide 81, and the rapid cyclic-acyclic equilibrium of eqn. (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 14% longer than the other axial P-O (177 pm) bond. The longer 
P-O bond is hydrogen bonded to the cation EtJNH+ in the solid state [470]. 

E&N 6” I 
l- 

‘X, -CS;$; c- 

(PFP),PH * “P- : # \p 
/I 

-: 
+ etc. 

(91) 

ESNH+ +clgg; 

e 0 

81 82 6% = PFP 
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Phosphoranides with the ligands C&IJ(CFs)zO, OCPh&(O)O or OCRzCRzO 
[203,471-473] undergo similar fivemembered ring equilibria. Unequal axial 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 protonationdeprotonation and cyclic-acyclic equili- 
bria is further demonstrated by compound 83, in which protonation of the oxy- 
gen-antimony bond leads to ring opening [476]. Protonation of the cyclic silatrane 84 
lengthens (weakens) the axial silicorr-oxygen bond by up to 17 pm, but shortens the sili- 
con-nitrogen bond by 10.2 pm, as compared to the unprotonated snalogue [477]. A 
lengthening of the protonated Si-N (I 89 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]. 

(03)2 l- 
0 

I 
Sb*” 

R 

R( .R 
I 
R 

83 84 85 

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$M%Oh [48 11. 

Cyclic-acyclic equilibria provide a low energy pathway of stereoisomerization, and 
recent examples include compounds of silicon [482], antimony [483], bismuth [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 illustrated 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]. 

G&,WW, + 2F +’ CGH,(COO),H- + 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 well 
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, NRr < 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]. 

SiRzF 

86 

5-cmIa 
+%(4)N(3) 

\ 
\ 

87 

(93) 

With a chiral ligand, ring-closure generates non-equivalent fluorines in 88 and 89, 
and the low temperature r9F 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 rapid inversion at the 
nitrogen is now hindered. 

FA FA 

88 89 90 

As the temperature is raised, the axial and equatorial fluorines in 89 become 
equivalent (A@ = 54.8 kJ), but the barrier is lower than that responsible for equivalence 
of the N-methyl groups (A@ = 66.1 kJ). The corresponding barriers for 88 are 
AGt= 39 kJ and AGt= 49.4 kJ, 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:R2SiF3- 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 
(CsH402)2Si(C6H4CH$+lMez). Even heptacoordination 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 silicon! compounds 

Compound Axial-equatorial 
exchange 
Ad (kJ mol-I) 

Cleavage offive- 
membered ring 
AGt (kJ mol-*) 

Ref. 

Me2NCH$&&iNpMeF 43.1 
Me~NCH~C&SiMeHF 48.1 
Me2NCH&,H&iMeF2 37 
MezNCH&$I.$iMeFCl 49.4 
M~NCHMeC&$iMe2F 40.6 
Me~NCI-IMeC!~I&SiF~ 54.8 66.1 
M~NCHMeC&SiFzMe 39 49.4 
o-Cb&(SiPhF&F 42.7 38 

PW 
14891 
[@I 
WA 
PW 
14931 
14891 
[371 

Cleavage of bonds in cyclic intermediates has been investigated by ab initio 
calculations 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]. 

Me3SiF2s 
Bcenter 

+cW’W F -I 
Bcenler 

t\ ‘%W1 

F(O)CC(O)F * F2(-O)CC(O)F # F(O)&b(O)F + F(O)CC(O-)F2 
(94) 

-Me3SiF2- 
3cenler 

-‘F(l)CQ) 
3cenlef 

+C.WW 

91 92 

(vi) Analogy between F and H catalysis 

Attention has been drawn to the analogy between F- and H+ induced reactions, as 
illustrated by the chemistry of carbanions and carbocations [495]. Both F- and H- ions 
add to boron compounds, i.e. I,&bis(dimethylboryl)naphthalene, to form five-membered 
rings containing B--F--B or B-H-B bridges [496], while H+ adds to the Lewis base ana- 
logue, i.e. 1,8-bis(dimethylamino)naphthalene and forms a N--H--N bridge [497] Fluoride 
and hydride ions both add to organosilanes to generate pentavalent silicon anions [498], 
and the fluoro- and hydridosilicates undergo similar reactions in solution and in the gas 
phase [314,499]. SiHS- 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 eqn. (95). 

+%(4)H(l) -%,(4),(l) 

Et.$iM2~ + SiH, + Et$iH-H-SiH, + Et.$iH + SiH; (95) 

-CS1(4)H(l) +cSi(4)H(i) 

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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(C&-C&&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 ~~idemble variation, with bond strengths varying t&m ~30 kJ mol-* to 
XSO kJ mol-’ and, in some cases, greater than 100 W mol-r [SO l]. 

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 numerous occasions [ 5023. 

If proton transfer reactions are diffision controlled in the direction of formation of a 
bridged intermediate, but slower and controlled by the rate of bond rupture as the bridged 
intermediate breaks down, then the me~h~ism of hydrogen transfer may be very similar 
to that proposed for fluorine transfer. 

+CN(3)H(l) 

NH, + NW,’ * l-&N-H-NH,+ 
(96) 

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 ~te~ediate 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 
naturally directed elsewhere, until another bridged intermediate allows loss of a fluorine 
or hydrogen substituent, thus completing the catalytic cycle. 

I wish to thank my co-workers at the University of Manitoba and Wuhan 
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fort. We are grateful for financial support from the Natural Sciences and Engineering 
Research Council of Canada, the University of Manitoba, and the Petroleum Research 
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