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Chapter 14 

FLUORINE-CONTAINING REAGENTS IN ORGANIC 
SYNTHESIS 
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Introduction 

Progress in organofluorine chemistry has always depended markedly on 
the discovery of alternatives to fluorine as a reagent for the synthesis of C-F 
bonds. Indeed, Moissan himself adopted this approach (see Chapter 4), and 
it is a privilege for us to honour him on the centennial of his isolation 
of fluorine by reviewing our on-going research centered on the development 
of simple and easily handled fluorinating agents. Also covered briefly is the 
use of fluorine-containing reagents in general organic synthesis, including 
cationic reagents containing complex fluoroanions which we have developed 
in connection with our activities in the field of superacid chemistry. 

Fluorinating agents 

The taming of anhydrous hydrogen fluoride : pyridinium poly(hydrogen 
fluoride), PPHF 

Anhydrous hydrogen fluoride (AHF) is one of the most widely used 
and inexpensive fluorinating agents. However, due to its low boiling point 
(19.5 “C) and corrosive nature, reactions involving its use are generally 
carried out in special equipment and under pressure. Efforts prior to ours 
were made to effect fluorinations at atmospheric pressure by complexing 
hydrogen fluoride with various nonbonded electron-pair donors. Thus, 
Hirschmann [l] first reported the use of the tetrahydrofuran/AHF system in 
1956. Subsequently, stable solutions of AHF in amines [2], amides [3], 
carbamic acids and esters [4], trialkyl phosphines [ 51 and alcohols [6] were 
used. Basically, however, use of these complexes remained limited to fluo- 
rinations of specific organic compounds (mostly steroids), and none of them 
achieved wider acceptance. Our interest in the fluorination of organic 
compounds in general prompted us to undertake detailed examination of 
several amine-AHF complexes. 

AHF forms remarkably stable solutions in pyridine up to a mo- 
lar composition of 1 C,H,N:9HF [30% CsH,N, 70% HF (w/w)]. Such 
material was first used by Bergstrom et al. [2c] to fluorinate steroids. 

0022.1139/86/$3.50 @ Elsevier Sequoia/Printed in The Netherlands 



378 

Our @dies showed it to be pyridinium poly(hydrogen fluoride) [PPHF; 
CsH,NH (HF),F-1, in which the complex anion exists in equilibrium with 
a small amount of free hydrogen fluoride. This material was found to possess 
a relatively low vapor pressure at temperatures up to 60 “C [ ‘71 and to be a 
convenient and effective replacement (at atmospheric pressure) for AHF in 
numerous applications. Now known as Olah’s reagent, 30/70 PPHF is avail- 
able commercially as a liquid which can be stored in poly(ethylene) bottles 
in a domestic refrigerator (or even at room temperature). Thus, AHF has 
been ‘tamed’ to allow chemists to use it under greatly simplified conditions 
easily adaptable to general laboratory syntheses. Note that PPHF solutions 
containing a lower concentration of HF can be used as well, and that other 
amine-poly(hydrogen fluoride) complexes, such as those derived from 
trimethylamine, triethylamine, substituted pyridines and triethanolamine 
are also useful as sources of hydrogen fluoride. Synthetic modifications 
achievable with 30/70 PPHF are illustrated below. 

Reactions with alkenes or alkynes [8, 91 
Although alkenes and alkynes are generally insoluble in pyridinium 

poly(hydrogen fluoride), addition of a tetrahydrofuran solution of these 
compounds to the reagent yields mono- and di-fluoroalkanes, respectively, 
in typical Markownikoff type additions ()C=C< -+ >CHCF<; -C-C- -+ 
-CH,CF,-). When alkenes are added in a similar manner to a solution of 
PPHF containing N-halogenosuccinimides, the corresponding halogenofluoro 
compounds are isolated. Only vicinal fluoroiodoalkenes are formed upon 
addition of alkynes to a solution of PPHF containing N-iodosuccinimide. 

Iodofluorination or bromofluorination of alkenes can also be effected 
using the appropriate halogen plus an equivalent amount of silver nitrate in 
the PPHF solution [>C=C< + X2-AgNO, + PPHF + )CXCF< (X = Br 
or I)]. The halogenofluorination method can also be modified to prepare 
vicinal difluorides from the corresponding alkenes without isolation of the 
intermediates. This is simply achieved by adding silver(I) fluoride to the 
solution of oc-halogeno-fl-fluoroalkanes to effect the halogen-exchange 
reaction in situ : 

RCH=CHR’ 
PPHF,CH2c0N~~0C~, AgF 

or X2-AgNO, 
’ (RCHXCHFR’) __f RCHFCHFR’ 

(X = Br or I) (60 - 95%) 

A simple variation of this procedure affords cx-fluoro-fl-nitroalkanes: the 
alkene is added to a solution of nitronium tetrafluoroborate dissolved in 
pyridinium poly( hydrogen fluoride), a procedure which eliminates the 
problem of polymerization usually found in reactions conducted in anhy- 
drous hydrogen fluoride [lo], e.g. MeCH=CH, + [NO,]+[BF,] in PPHF + 
MeCHFCH,NO,. 

Reactions with alcohols [9, 111 
Secondary and tertiary alcohols are readily converted to the corre- 

sponding fluorides by pyridinium poly(hydrogen fluoride). With tertiary 
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alcohols, reaction proceeds conveniently even at low temperatures, e.g. 
t-BuOH + PPHF at 0 “C -+ trBuF (50%)]; secondary alcohols react at room 
temperature. Primary alcohols are unaffected by pyridinium poly( hydrogen 
fluoride) itself, but their conversion to alkyl fluorides (30 - 88% yield) 
proceeds smoothly in the presence of added sodium fluoride. Recently, good 
results have also been reported in reactions of carbohydrates with pyridinium 
poly(hydrogen fluoride) to afford fluorides [ 121. 

Conversions involving amino and diazo groups 
Deaminative halogenations, whereby an amino group is displaced by 

fluoride or other halides, have been studied in the case of o-amino acids 
[13], carbamates [ 141 and aminoarenes [9]. The reaction of a-amino acids 
in pyridinium poly(hydrogen fluoride) solution with an excess of sodium 
nitrite leads, via diazotization followed by in situ nucleophilic dediazoniza- 
tion, to the formation of ol-fluorocarboxylic acids. However, difficulties 
were experienced [15] in the case of fluorinating some a-amino acids, e.g. 
valine, isoleucine, phenylalanine, tyrosine and threonine, because total 
or partial rearrangement to P-fluorocarboxylic acids occurred owing to 
anchimeric assistance by alkyl, aryl or hydroxy groups during the diazotiza- 
tion reactions. Such rearrangements can be suppressed by carrying out the 
reaction in reagent media of lower HF concentration (pyridine/hydrogen 
fluoride, 52:48 w/w): 

R7HCo2H Py’;ar;;48) ’ [ RyHC02H] F- RCHC02H _-N 
2 I 

NH, 

Treatment of alkyl carbamates dissolved in pyridinium poly( hydrogen 
fluoride) with an excess of sodium nitrite at room temperature gives the 
corresponding fluoroformates: ROC(O)NH, + PPHF-NaN02 -+ ROC(O)F. 
The reaction is considered to proceed via diazotization followed by in situ 
dediazonization. Synthesis of alkyl fluoroformates by this procedure elimi- 
nates the necessity of using phosgene or its derivatives. 

The deaminative introduction of a halogen into an aromatic nucleus is 
commonly accomplished via diazotization of the corresponding amine and 
decomposition of the resultant diazonium salts in the presence of a suitable 
halide donor. For the preparation of specifically fluorinated aromatic 
compounds, the Balz-Schiemann reaction (see Chapter 4) has been the most 
widely used method [16]. When aminoarenes are diazotized in pyridinium 
poly( hydrogen fluoride) solution with sodium nitrite, subsequent fluo- 
rinative dediazonization results in the formation of the corresponding 
fluoroarenes: ArNH, + PPHF-NaN02 + ArF. The fluoroarenes formed are 
frequently isomerically pure compounds. The conversions proceed smoothly 
at room (or slightly elevated) temperatures and do not require the isolation 
of the diazonium salt intermediates. Mechanistic implications have been 
discussed elsewhere [17]. Recently, Rosenfeld and Widdowson [18] used 
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pyridinium poly(hydrogcn fluoride) to effect Wallach-type (see p. 76) con- 
version of aryltriazenes to aromatic fluorides, the yields often being high: 
ArN=NNR* (R, = [CH,]s, Me,) -+ 30/70 PPHF --f [ArN,+] + ArF. 

Diazo compounds can be converted to monofluorides via treatment 
with PPHF; in the presence of N-halogenosuccinimides geminal fluoro- 
halogen0 compounds result [ 191: 

PPHF 

(X = Cl, Br, I) 

Halogen-exchange reactions 
Halogen-exchange fluorination with anhydrous hydrogen fluoride is 

one of the classical fluorination procedures [ 201. Pyridinium poly( hydrogen 
fluoride) is an unsuitable reagent for the conversion of tertiary adamantanoid 
halides to their fluorides directly, but in the presence of nitronium tetra- 
fluoroborate (which possesses good halide-abstraction ability [21]) the 
corresponding fluorides are obtained in good to excellent yields [22] : 

PPHF 
+ N02+BF4- 

room temp. 
(95 - 97%) 

(X = Cl, Br, I) 

However, reactions involving 2-halogenoadamantanes follow a different 
pathway, oxidation to 2-adamantanone by the reagent system occurring even 
at room temperature. Furthermore, when the reaction is carried out with 
other secondary alkyl halides such as bromocyclohexane, exo-2-bromonor- 
bornane and l-iodoheptane, complex product mixtures arise. Mercury(II)- 
assisted exchange of chlorine or, more readily, bromine for fluorine in 
a-halogenoketones ( RCOCH2X + HgO-PPHF -+ RCOCH, F) or geminal 
dihalogenoalkanes (RCX*R’ + HgO-PPHF + RCF,R’) can be effected with 
PPHF at 50 “C and atmospheric pressure. Conversion of carboxylic acid 
chlorides (or anhydrides) to the corresponding acid fluorides with PPHF 
proceeds in a manner comparable to reactions carried out with AHF itself, 
as described by Olah and Kuhn in 1961 [23]. 

Hydrofluorination of isocyanates [9, 241. When treated with PPHF 
at room temperature, both aliphatic and aromatic isocyanates give carbamoyl 
fluorides in good yields: RN=C=O + PPHF --f RNHCOF. 
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Preparation of sulfur tetrafluoride [25] 
Sulfur tetrafluoride is an extremely useful reagent for the preparation 

of organofluorine compounds (see p. 231) [20,26]. Although a variety of 
procedures for its synthesis are known [27], the most convenient laboratory 
procedure to date is that of Tullock et al. [28], in which sulfur dichloride is 
heated in a solvent of high dielectric constant, such as acetonitrile, with 
metal fluorides, such as sodium fluoride. Pyridinium poly(hydrogen fluo- 
ride), being a polar solvent as well as containing a large reservoir of fluoride 
ion, is also a good reagent for this conversion, which proceeds smoothly at 
45 “C and at atmospheric pressure: 3SC1, + PPHF + SF, + S&l,(S&lF). 

Preparation of sulfuryl chloride fluoride [25] 
Due to its low nucleophilicity [29] and wide liquid range (-124.7 “C 

to +7.1 “C), sulfuryl chloride fluoride, SO,ClF, is extensively used as a 
solvent for the generation of stable carbocations [30] ; it is also useful as a 
synthetic reagent. Existing syntheses of the compound involve the action of 
fluoride salts on sulfuryl chloride [ 311, treatment of potassium fluorosulfite 
with chlorine [32], the reaction of hydrogen fluoride, chlorine and sulfur 
dioxide with potassium bifluoride supported on charcoal [33], or the 
reaction of nitrogen trifluoride with sulfuryl chloride [ 341. Also, Schack and 
Wilson have reported the preparation of SO$lF from chlorine monofluoride 
and sulfur dioxide at low temperature [35]. None of these methods is as 
convenient as the reaction of pyridinium poly(hydrogen fluoride) with 
sulfuryl chloride, which proceeds efficiently and smoothly under mild 
conditions [ 251. 

Selenium tetrafluoride and its pyridine complex [36] 
Hiickel [37] predicted in 1946 that selenium tetrafluoride should exist 

and be capable of isolation. This was not realized until 10 years later when 
Clifford et al. [38] synthesized it by treating selenium metal with chlorine 
trifluoride in anhydrous hydrogen fluoride in platinum apparatus. Sub- 
sequently, other fluorination procedures such as treatment of selenium(IV) 
oxide with sulfur tetrafluoride [39] and of selenium metal with silver(I) 
fluoride [40], or cobalt(II1) fluoride were developed. Procedures using 
elemental fluorine provide another method [41] for preparing selenium 
tetrafluoride, but special equipment is needed to carry out the reaction. 
Due to the high reactivity of fluorine and the difficulty of controlling the 
reaction, selenium hexafluoride is always formed as the major product. None 
of these preparations are thus convenient. 

Olah et al. improved Clifford’s method by using selenium tetrafluoride 
itself as solvent for the reaction, which can be carried out in standard glass 
apparatus under an atmosphere of dry nitrogen: 3 Se + 4 ClF, ca. go Oc, 
3 SeF, (98%) + 2 Cl* [ 361. 

Selenium tetrafluoride is an efficient fluorinating agent of general use 
for the replacement of hydroxyl and carbonyl groups by fluorine [36]. It 
possesses a convenient liquid range (m.p., -10 “C; b.p., 106 “C) and is 



382 

soluble in halogenated solvents, such as dichloromethane and 1,1,2-trichloro- 
trifluoroethane, in which fluorinations can be carried out at moderate 
temperatures (40 - 50 “C) under atmospheric pressure in standard glass 
equipment, provided that the reagent is pure and anhydrous conditions are 
maintained. It must be emphasized, however, that SeF,, like selenium 
compounds in general, is highly toxic; hence all operations involving this 
reagent must be carried out with great care. 

Ketones and aldehydes give geminal difluorides in 65 - 100% yield 
under very mild conditions. Carboxylic acids are also readily fluorinated by 
selenium tetrafluoride, or even more conveniently 
with pyridine. 

R&O (or RCHO) --+ RzCFz (or RCHF,) + SeOF, 

by its complex formed 

RCOOH + [CgH5N+SeF4] ----+ RCOF + SeOF, + CSH5NH F- 

Carboxylic acid anhydrides are also converted to acyl fluorides under similar 
conditions. N, N-Dimethylbenzamide smoothly and quantitatively yields the 
corresponding &,a-difluoroamine: 

SeF4 
PhCONMe, 20 PhCF,NMe2 

Alcohols react readily with SeF4 but in some cases the more sensitive 
alkyl (arylalkyl, cycloalkyl) fluoride products can be lost because of exten- 
sive skeletal rearrangement or polymerization due to HF formed in the 
reactions. In order to avoid this unwanted side-reaction, it is advantageous 
to add 1 molar equivalent of pyridine, which forms a liquid 1: 1 donor- 
acceptor complex with SeF+ This reacts selectively with alcohols, first 
forming alkoxyselenium trifluorides, which decompose to the corresponding 
alkyl fluoride when heated. Fluorination with the selenium tetrafluoride- 
pyridine complex causes no rearrangement except with susceptible systems, 
e.g. cyclopropylcarbinyl or isobutyl alcohol. 

ROH + [C5H5N-SeF,] --+ C,H,NH F- + ROSeF, s RF + SeOF, 

Applications of some fluorinated reagents in general organic synthesis 

Sulfuryl chloride fluoride 
Sulfuryl chloride fluoride [25], a compound which has found extensive 

use as a low-temperature solvent of poor nucleophilicity and wide liquid 
range (-124.7 “C to +7.1 “C) in the study of carbocations and other reactive 
intermediates [42] is now receiving increasing attention as a reagent in 
organic synthesis. Synthetic transformations involving its use usually take 
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advantage of the relative lability of the sulfur-chlorine bond, the good 
leaving-group ability of the fluorosulfonyl anion and the susceptibility of 
sulfur to nucleophilic attack. Sulfuryl chloride fluoride offers significant 
advantages over alternative reagents in terms of extremely mild reaction 
conditions, ease of removal of any excess of reagent, and product isolation. 

Dehydration of aldoximes [43] 
Nitriles can be obtained in excellent yields via treatment of aldoximes 

with sulfuryl chloride fluoride in the presence of triethylamine at room 
temperature : 

R SOzCIF R, 
)c=N-OH it &N-%SO,F - RC=N 

H 3 H 
=..- :NEts 

The method is applicable to both alkyl and aryl aldoximes, and constitutes 
one of the mildest among those available [44] for the dehydration of al- 
doximes to nitriles under neutral conditions. It should also be applicable to 
other dehydrations. 

Synthesis of carboxamides [45] and carboxylic acid esters [46] 
A number of modern methods have been developed for the synthesis of 

amides and esters from carboxylic acids [ 47 - 521, but many of these require 
relatively harsh reaction conditions and/or elaborate work-up procedures. By 
contrast, amides can be obtained in good to excellent yields under mild 
conditions with minimal isolation problems via a one-pot synthesis involving 
treatment of carboxylic acids with sulfur-y1 chloride fluoride in the presence 
of triethylamine, followed by addition of primary amines to the acyl fluoro- 
sulfonates formed. The reactions are most conveniently carried out in 
dichloromethane as solvent: 

SO&IF R’NH2 
RCOzH it RC(O)OSO;?F it RC(O)NHR’ 

(R, R’ = alkil, aryl, aralkyl) 

3 

With secondary amines the last stage proceeds only sluggishly. 
Replacement of primary or secondary amines in the above route to 

amides by alcohols (1” or 2”) or phenols provides esters in high yields. 
Although a wide variety of methods are known for the esterification of 
acids, this procedure compares favorably with, and is considered in some 
applications preferential to, recent methods [ 521 in terms of product yields, 
and neutral and mild reaction conditions. 

Dethioacetalization [53] 
The stability exhibited by the dithioacetal moiety towards both acids 

and bases has led to its wide use as a protecting group in the synthesis of 



384 

complex natural products. However, suitably mild procedures for the direct 
regeneration of carbonyl compounds from dithioacetals are limited. Sulfuryl 
chloride fluoride has proved to be an effective dethioacetalization reagent, 
addition of excess of this reagent to a solution of a 1,2-ethanediyl dithio- 
acetal (1,3_dithiolane) in aqueous diethyl ether at room temperature causing 
mildly exothermic release of the parent aldehydes, ketones or ketoesters to 
occur in good to excellent yield: 

n 
s s 

SO#lF 
w RR’CO 

x Et20-Hz0 

The ring cleavage presumably involves formation of a chlorosulfonium ion, 
and reflects the lability of the Cl-SO, bond compared with the F-SO,? link 

]541. 

Synthesis of a-chloroketones [55] 
o-Chloroketones are versatile synthetic intermediates. They have been 

prepared via treatment of ketones, epoxides or enamines with a variety of 
chlorinating reagents [ 561, or of enol silyl ethers with chlorine, N-chloro- 
succinimide, or cupric or ferric chloride [57]. Enol silyl ethers also react 
with sulfuryl chloride fluoride to yield a-chloroketones under mild condi- 
tions in dichloromethane solution. The reaction works well with a variety of 
silyl ether substrates, 

(CHASiO u H SO&IF 
---+ RCOCHCIR’ + SO2 + (CH3)3SiF 

R A R’ CH2C12 

Oxidation of phosphines or arsines [58] 
Tertiary phosphines and arsines react very readily with sulfuryl chloride 

fluoride at room temperature to afford the corresponding oxides. The 
reaction is general for alkyl- and aryl-phosphines, and NMR spectroscopic 
studies have indicated that attack by the phosphorus centers occurs preferen- 
tially on the oxygen atom of sulfuryl chloride fluoride to yield the corre- 
sponding intermediate phosphonium salts: 

R P*+Cl!F-R hOjFCl-~ Hzo 3 * 
II 

3 - R3P0 + HCl + HF + SO, 

Miscellaneous reactions 
Other synthetic applications of sulfuryl chloride fluoride include the 

chlorination of cyclohex-Z-enones [ 591, and fluorination reactions with 
organophosphorus compounds [60]. 
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Uranium hexafluoride [61] 
Uranium hexafluoride, depleted of fissionable material (<0.20% 235UF,), 

is abundantly available as the by-product of enrichment plants (see p. 199) 
[62]. Despite its availability and remarkable properties, however, its reac- 
tions with organic compounds remained virtually unexplored until recently. 
It is a colorless volatile solid (sublimes at 56.5 “C), the highly covalent nature 
of which makes it particularly suitable for reactions in nonaqueous solvents; 
its stable solutions in chlorofluorocarbons or chlorohydrocarbons are con- 
venient to use and do not attack glass. 

Oxidative cleavage of ethers 
The oxidative cleavage of ethers has found so far only limited prepara- 

tive use. Reagents based on Hg” [63] and Ag” [64] will oxidize aryl methyl 
ethers to quinones, and trityl fluoroborate has been used effectively by 
Barton’s group [65] to effect oxidative cleavage of ketone acetals and of 
ethers. Oxidative cleavage of ethers with other reagents, e.g. Fremy’s radical 
(see footnote 27, p. 17) [66], has found little, if any, synthetic application. 

Ethers undergo oxidative cleavage upon addition to a solution of 
uranium hexafluoride in chlorofluorocarbons or chlorohydrocarbons. The 
direction of cleavage of saturated ethers is predictable, which enhances the 
utility of ethers as protecting groups for alcohols. The regiospecific oxida- 
tion of methyl ethers, for example, is considered to hinge on the weak 

RR’CHOMe & 
UFs -\ 

---+ RR’C=&Me + UF4 + HF 
2 2 

RR’CHi)( 
Me F- I 

F_ 

1 
Hz0 

RR’C=O 

Lewis acid character of uranium hexafluoride [67], in situ treatment of 
the oxonium ions thus produced with a nucleophile, for example water 
(+ aldehydes or ketones), ethane-1,2-dithiol (-+ 1,2-dithiolanes), or propane- 
1,3-dithiol (+ 1,3-dithianes), completes the synthetic sequence. 

Oxidative fluorination of alcohols and aldehydes 
Benzylic alcohols are readily oxidized by uranium hexafluoride to the 

corresponding carbonyl compounds. Since both alkyl and aryl aldehydes are 
oxidatively fluorinated to aryl fluorides by UF6, benzyl alcohol itself, for 
example, yields a mixture of benzaldehyde and benzoyl fluoride: 

UF6 H2O 

PhCHROH - PhCHRiiH F- __f PhCR=&H F- - PhCOR 

C F2ClCFC12 
RCHO + UF6 - 

0 “C 
RCH=&JF, F- = RCOF 

the solution 
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Aliphatic alcohols were observed to react in a similar manner, though the 
products were more complex. The preparation of acid fluorides generally 
involves an exchange reaction of acyl halides with HF [68] (PPHF can be 
used; see p. 380) or alkali fluorides [69], or by the direct reaction of the 
acid or anhydride with a suitable fluorinating reagent [ 36,701. The forma- 
tion of acid fluorides from aldehydes without oxidation to an intermediate 
acid or its derivatives is therefore novel. 

Oxidation of hydrazones and carboxylic acid hydrazides 
Hydrazones are widely used for the characterization or protection of 

carbonyl compounds. Aqueous work-up of products of reactions between 
tosyl- or NJVdimethyl-hydrazones and uranium hexafluoride furnishes the 
parent carbonyl compounds in good yield. Although the mechanism of the 
reaction is not certain, it may proceed as follows: 

RR’C=NNXY 2 RR’C=NNXY F- 
Hz0 
- RR’C=O 

UF, 

This method of regeneration, especially where tosylhydrazones are con- 
cerned, is as efficient as any of the other methods known. 

Carboxylic acid hydrazides are oxidized to carboxylic acids by 
Ce(NH,),(NO,), [71] or Pb(OAc), [72] and to aldehydes by K,Fe(CN), 
[ 731. Use of uranium hexafluoride also gives carboxylic acids, but reactions 
proceed slowly, largely owing to the poor solubility of the acid hydrazides in 
trichlorotrifluoroethane or chloroform. 

UF, 
RCONHNH:! - RCOIH 

Oxidation of oximes 
Numerous methods are known for the regeneration of carbonyl com- 

pound from oximes [ 741. Chloroform solutions of oximes are oxidized 
slowly by uranium hexafluoride to the corresponding carbonyl compounds 
in fair to moderate yield. The reaction is considerably slower than the 
corresponding one with hydrazones or ethers. 

Oxidation of tertiary amines 
Oxidation of tertiary amines [75] with uranium hexafluoride can be 

used to procure carbonyl compounds and may be viewed as the nitrogen 
analog of the UF, oxidation of ethers (see p. 385): 

UF, 
RR’CHNMe2 - RR’CHNMe, F- --+ RR’C=NMe2 F- 

Hz0 
- RR’C=O 

?F, 
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Fluorination of adamantanone 
Formation of C-F bonds was observed but infrequently during the 

course of our study of the reactivity of uranium hexafluoride with func- 
tionalized organics. Note, however, that adamantanone was fluorinated with 
a two-fold excess of UF6 in 1,1,2-trichlorotrifluoroethane solution at 0 “C to 
form 2,2-difluoroadamantane in 41% yield. Other nonenolizable ketones 
such as benzophenone and fluorenone failed to react. 

Molybdenum hexafluoride [ 761 
Molybdenum hexafluoride is a covalent low-boiling liquid (m.p., 17 “C; 

b.p., 35 “C), well known as a fluorinating agent [77, 781 and particularly 
useful for effecting the conversion of car-bony1 groups to CF2 [77]. We have 
demonstrated its usefulness as a reagent for the oxidative cleavage of N, N- 
dimethyl- or tosyl-hydrazones to regenerate the parent aldehydes or ketones. 
The reaction is thought to proceed in a manner analogous to that described 
for the reaction of UF6 with hydrazones (see p. 386); note that yields of 
carbonyl products are generally higher with the MoVT reagent. Oxidation of 
benzylic tertiary amines can be efficiently effected with molybdenum 
hexafluoride also, the results being often superior to those found with UF.+ 

Tungsten hexafluoride [ 791 
Compared with UF6 or MoF,, tungsten hexafluoride (m.p., 2.5 “C; 

b.p., 17 “C!) is a more selective, milder oxidizing agent. Like the other hexa- 
fluorides, it is readily soluble in 1,1,2-trichlorotrifluoroethane, dichloro- 
methane or chloroform. Tungsten hexafluoride is a relatively poor fluorinat- 
ing agent, although its use as such has been reported [ 801. 

N, N-Dimethyl- and tosyl-hydrazones can be cleaved efficiently to the 
parent car-bony1 compounds via treatment with an ice-cold solution of 
tungsten hexafluoride in chloroform, followed by addition of water. The 
yields of carbonyl products are superior to those obtained with either 
uranium hexafluoride or molybdenum hexafluoride. No reaction has been 
observed with ethers, alcohols or halides. However, WF6 oxidizes N,N- 
dimethylbenzylamine and N,N-dimethylbenzhydrylamine just as efficiently 
as the weaker Lewis acid MoF+ 

Cyanuric fluoride 
The isolation of cyanogen fluoride (FCN, b.p,, -46 “C) was first 

achieved conveniently [81] by pyrolysis of its trimer, cyanuric fluoride, over 
graphite at 1300 “C; since it polymerizes at room temperature, to give, inter 
alia, its cyclic trimer, it has little synthetic value. The trimer, however, which 
can be prepared by treating cyanuric chloride with cold anhydrous hydrogen 
fluoride [82], or in similar yield (75%) from cyanuric chloride and sodium 
fluoride in hot tetramethylene sulfone [28], has been used by us to fluo- 
rinate carboxylic acids and to de-oxygenate sulfoxides. 
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Fluorination of carboxylic acids [82] 
Carboxylic acid fluorides are generally prepared from the corresponding 

acyl chlorides by halogen exchange with potassium fluoride [ 833, potassium 
hydrogen fluoride [84] or potassium fluorosulfinate [85] ; sulfur tetra- 
fluoride [86], selenium tetrafluoride (see p. 382), and thionyl fluoride [ 871 
can be used for the direct fluorination of carboxylic acids. Halogen-exchange 
reactions, however, generally necessitate use of high reaction temperatures, 
and direct fluorination methods are not adaptable to acid derivatives con- 
taining other functional groups. By contrast, cyanuric fluoride, a very mild 
reagent, is suitable for the preparation of carboxylic acid fluorides (even when 
the substrate contains, for example, olefinic bonds or hydroxyl groups): 

RCOzH + (FCN)s MeCN;;;yNtemp’> 3 RCOF + (HOCN), 

Deoxygenation of sulfoxides [88] 
Aryl sulfoxides undergo facile deoxygenation to the corresponding 

sulfides when heated in 1,4-dioxan or triethyl phosphate with cyanuric 
chloride. By contrast, aralkyl and alkyl sulfoxides react exothermically 
yielding mixtures of chlorinated products even at lower temperatures. 
Formation of unwanted halogenated products can be avoided by using the 
more reactive cyanuric fluoride. 

Complex fluoro nitronium and nitrosonium salts 
Nitronium tetrafluoroborate and hexafluorophosphate 
Nitration is one of the most studied and best understood organic 

reactions [89]. The reactive species responsible for electrophilic aromatic 
nitration is the nitronium ion, NOz+. Since the turn of the century extensive 
efforts were directed towards the identification of this ion, whose existence 
was first indicated by Hantzsch and later firmly established by the Ingold- 
Hughes School [89b] which also studied the isolated perchlorate salt. More 
than 15 crystalline nitronium ion salts have now been isolated and charac- 
terized, and the most important of these involve the stable counter-ions 
BF,, PF,-, SbF,-, U04-, and FSOs-. The most widely used salt, nitronium 
tetrafluoroborate (N02+BF4-), easily prepared by treating a mixture of 
nitric acid and anhydrous hydrogen fluoride with boron trifluoride, was 
introduced by Olah and Kuhn as a convenient, effective, general nitrating 
agent [go]. 

Nitronium salts enable nitration of every conceivable type of aromatic 
substrate, and their powerful electrophilic nature is demonstrated by their 
ability to effect even trinitration of benzene [91]. Electrophilic nitration 
of alkanes, cycloalkanes and polycycloalkanes can also be achieved (e.g. 
adamantane to nitroadamantane) [92], and electrophilic nitrofluorination of 
alkenes proceeds smoothly with nitronium salts in pyridinium poly(hydrogen 
fluoride) solution (see p. 378). Some of the typical nitration reactions of 
nitronium salts are shown in Scheme 14.1. 
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R&NO, + RNO, 
ArNO, 

RCOONO, RCH=CHNO, 

Scheme 14.1. 

The nitronium ion was recognized only as a nitrating agent until re- 
cently, when it was found to possess significant ambident reactivity and so 
be capable of acting as an oxidizing agent [93]. Thus dialkyl-(aryl-)sulfides 
and -selenides as well as trialkyl-(aryl-)phosphines, triarylarsines and triaryl- 
stibines react with nitronium salts to give the corresponding oxides. Stable 
nitronium salts, particularly those with PF, and BF4- counter-ions, can act 
as mild, selective oxidative cleavage reagents for the conversion of ethers, 
oximes and hydrazones, etc. to the corresponding carbonyl compounds 
[94]. More selective reagents such as N-nitropyridinium salts, which are 
readily prepared from the corresponding pyridine and nitronium ion salt, act 
as convenient transfer nitration agents. 

Nitrosonium tetrafluorobomte, hexafluoroantimonate and hexafluoro- 
phosphate 
The nitrosonium ion, NO+, is the electrophilic species formed in nitrous 

acid media and is responsible for such reactions as the diazotization of 
amines. It has been isolated in the form of salts with a variety of stable 
counter-ions, notably BF,, PF,- and SbF,. The nitrosonium ion does not 
react with aromatics except in the case of highly activated systems (such as 
phenols) ; frequently, colored n-complexes are formed [ 951. The nitrosonium 
ion is a powerful hydride-abstraction agent; e.g. cumene reacts with NO+ to 
give various condensation products, and this involves initial formation of 
cumyl cation [96]. Similarly, the nitrosonium ion can be employed in the 
preparation of a variety of stabilized carbocations [97]. Some of the reac- 
tions of the nitrosonium ion are depicted in Scheme 14.2. 

The hydride-abstraction ability of NO+ has been employed in a modi- 
fied Ritter-type reaction, as well as in ionic fluorination [98] of bridgehead 
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ArN: 

R+ + N, + H,O H,O ArN: + 

Scheme 14.2. 
NO 

hydrocarbons. Similarly, NO+ is also capable of halogen abstraction from 
alkyl halides [22a, 991. In the presence of suitable oxygen donor such as 
dimethyl sulfoxide, the nitrosonium ion can act as a nitrating agent. The 
nitrosonium ion alone can act as a mild and selective oxidizing agent for the 
cleavage of oximes, hydrazones, thioketals, ethers, etc. to the corresponding 
carbonyl compounds. 

Halonium ion and carbocation salt reagents 
Meerwein’s pioneering studies in the period 1930 - 60 established boron 

trifluoride as the primary Lewis-acid fluoride which featured in the develop- 
ment of oxonium and carboxonium ion chemistry [loo]. Olah’s studies in 
the period 1960 - 85 utilized primarily antimony pentafluoride and Brdnsted 
superacids (see p. 389) and thereby allowed the preparation of long-elusive 
carbocations and other reactive ionic intermediates, such as the dialkyl- 
halonium ions. 

Dialkylhalonium salts 
The well-known Meerwein trialkyloxonium tetrafluoroborate and 

hexachloroantimonate salts [loo] are widely used as alkylating agents. 
However, they lack selectivity and are generally incapable of effecting 
C-alkylations. By contrast [loll, dialkylhalonium salts obtainable by treat- 
ment of alkyl halides with antimony pentafluoride or hexafluoroantimonic 
acid and isolable in some cases [e.g. MeBr (in excess) + HSbF, (HF*SbF,) -+ 
Me2Br+ SbF,- (97%) 1, are very effective alkyl-transfer agents for arenes and 
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alkenes, and for substrates containing a variety of heteroatoms. A change in 
the identity of the ‘onium center allows the selectivities of the reagents to be 
varied, the order of reactivity being R&l+ > R2Br+ > R21+, in keeping with 
the expected change in the ability of the halogen to accommodate charge as 
its size increases. A great variety of halonium ions have now been prepared 
and studied [102,103] e.g. 

SbF5 

XCJ.-MCH,M - CH,(CH,).X+ SbF,X 

(X = Cl, Br, I; n = 1, 3, 4) 

(X = Br, I; R = Me, Et) 

Carbocation salts 
Methods developed [42] for the preparation of solutions of long-lived 

carbocations in fluorine-containing superacid media, such as the Brqmsted 
acids FSO,H and CF,SO,H, and the conjugate Br@nsted-Lewis systems 
FSOsH*SbFs (‘Magic Acid’) and HFaSbF, (fluoroantimonic acid), have been 
used to effect the isolation of a series of stable, crystalline carbocation salts. 
Isolation was generally achieved by evaporation of solvent SOZ, SO&lF or 
S02F2, or by precipitation through the addition of Freon@-type solvents 
[ 1033. Typical isolated carbocation fluoroantimonate salts contain such 
tertiary ions as the t-butyl (1) and adamant-l-y1 cation (2) [104], and 
stabilized secondary ions such as the norborn-2-yl cation (3) [ 1051. 

Me&+ Sb2F11- 
$J SbF, 

(1) (2) (3) 

Isolable acylium salts and sulfonyl halide-antimony pentafluoride complexes 
are also known; these are effective acylating and sulfonylating agents, 
respectively [ 1061: 

RS02F.SbF5 [ RC-0]+ SbF6- 
ArS02R +------ ArH + ArCOR 

Methyl and ethyl fluoride form stable addition complexes with 
antimony pentafluoride which are powerful alkylating agents [107, 1081 
and have been used, for example, to alkylate carbonyl sulfide and carbon 
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disulfide to provide effective thio- and dithio-carboxylation agents for 
aromatics [ 1091: 

SbFS in SO* cox 
RF - R&=0 ____f 

-78 “c (X = 0, S) 
R&=X 

SbF,- SbF,- 

(R = Me, Et) (i) ArH 
-40 to -60 “C 

1 (ii) Hz0 

More recently, nitrous oxide has been methylated by the meth 
Fy 

1 fluoride- 
antimony pentafluoride complex: N20 + MeF. SbF, In ‘02 2 at-100 ‘, 
MeON,+ SbF,- [llO]. The studies in the carbocation area have been re- 
viewed [ill], as have those on the chemistry of superacids [42], the avail- 
ability of which represents the key to the generation of many reactive ionic 
intermediates. 
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