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1. Introduction

Among the many organic fluorine compounds containing nitrogen and sulfur,
dialkylaminotrifluorosulfuranes and bis(dialkylamino)difluorosulfuranes have
become very useful fluorinating agents. The first representative of this group,
dimethylaminosulfur trifluoride (1a) was prepared in 1964, (1, 2) followed in
1970 by diethylaminosulfur trifluoride (1b), (3) which became popular under
the acronym DAST." Both compounds were synthesized by treatment of the
appropriate dialkylaminotrimethylsilane with sulfur tetrafluoride:

R,NSi(CH;); + SF;, — R,;NSF; + SiF(CH;);

1a, R = CH,
1b,R = C,H,

Subsequently, bis(dialkylamino)sulfur difluorides (2) were prepared by the
reaction of dialkylaminosulfur trifluorides with dialkylaminotrimethylsilanes:

(4-6) |:|

R,NSF; + R,NSi(CH,); — (R,N),SF, + SiF(CH,),
1 2

Both classes of compounds were found to convert alcohols into fluorides, and
aldehydes and ketones into geminal difluorides:

R'OH + R,NSF; — [R'OSF,NR,] — R'F + R,NSOF + HF
R!COR? + R,NSF; — R!CF,R? + R,NSOF

Further uses include the preparation of acyl and sulfonyl fluorides from
carboxylic and sulfonic acids and the conversion of sulfoxides into a



-fluoroalkyl sulfides.

Later, the reaction of bis(dialkylamino)difluorosulfuranes with
dialkylaminotrimethylsilanes was shown to give tris(dialkylamino)sulfonium
difluorotrimethylsilicates (TASF) (3): (7)

+ s
(R;N),5F; + R;NSi(CH;); — (R;N),;5 (CH;),8i1F,

2

3

These salts no longer react with alcohols or carbonyl compounds, but they
convert even relatively unreactive halides, such as primary chlorides, into
fluorides under very mild conditions. Furthermore, they are readily soluble in
organic solvents and are useful sources of “naked,” unsolvated fluoride ion.

This chapter deals with the preparation of all three classes of reagents and
their use as fluorinating agents. The literature is covered exhaustively until the

end of 1984; some

apers be

ond that date are included.




2. Preparation of Aminofluorosulfuranes

The reaction by which dimethylaminosulfur trifluoride (1, 2) and
diethylaminosulfur trifluoride (3) (DAST) were first prepared is still used as the
main method for their synthesis. It involves the treatment of
dialkylaminotrimethylsilanes with sulfur tetrafluoride. (5, 8, 9)

(C2H;);NSi(CH,); + SF, ——» (C;H3),NSF; + (CH,);SiF

Other dialkylamines used for the preparation of dialkylaminosulfur trifluorides
are diisopropylamine, (5) pyrrolidine, (5) piperidine, (8, 10) morpholine, (8) and
N-ethylaniline. (8) The yields and physical constants of the products are listed
in Table A.
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Dialkylaminosulfur Trifluorides *

Yield
Colrmljound (%) bp (mm) ng  Refs.)
L
(CH3),NSF3® ¢ (75>  117.5° (760)* 1,2
117.8° (760)?
(60) 24-25° (12) 1.4018 8
(82) 49-49.5° (33) 5,9
117.5° (760) 11
(C2Hs)2NSF3 (70) 3
(DAST)®
(70,90)* 43-44° (12) 1.41254', 8

(80-84) 46-47° (10) 5, 12



9,13

30-32° (3) 11
(i-CsH7):NSF3 (99) 5
) 14
CNSF‘ (83)  54-55° (15) 5
(76) 23-24° (0.3); mp 15
-18°
fﬂ] (98) 33-34° (0.07)  1.4534 4
0 SF,
(70) " 1.4538 16"

(55)  55-56° (0.8) 1.4540 16
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(68) " 1.4538 8
(65)  75-77°(12) 1.45158
97) " 1.4517 4
(96) " 1.4520 4
(68) " 1.4525 16
(65)  76° (12) 1.4520 16"
(60)  43°(0.1) 10

CeHsN(CHs)SF;  (60)  56-57°(0.3)  1.49308

*The dialkylaminosulfur trifluorides were prepared from dialkylaminotrimethylsilanes and sulfur
tetrafluoride unless stated otherwise in footnotes.

PReferences in boldface numbers contain specific preparative procedures.

“The density of dimethylaminosulfur trifluoride is 1.3648. (11)

“The melting point of dimethylaminosulfur trifluoride is —=79°. (1, 2)



®The density of DAST as calculated from weights and volumes (5, 9) is 1.29; as determined at
room temperature it is 1.22-1.23 (17), 1.220; 1.238. (11)

The compound was prepared from (R,N),SO and SF,.

9The compound decomposed at 60° (2 mm).

"The compound was prepared from p-CH3;CgH;,S(O)NR, and SF,.

'The compound was prepared from R,NS(O)OC,Hs and SF,.

The compound was prepared from R,NS(O)F and SF,.

*The compound decomposed violently at 138°.

'The compound decomposed slowly at 20°.

When dialkylaminosulfur trifluorides are treated with
dialkylaminotrimethylsilanes, bis(dialkylamino)sulfur difluorides result. (4-6)

(CH;),NSF; + (C;H;);NSi(CH;); —piis (C,Hg),NSF,N(CHj), + (CH,),SiF
(923)
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bis(dialkylamino)sulfur difluorides are tabulated in Table B, together with the
yields and physical constants of the products.

TQe B. Aminofluorosulfuranes as Fluorinating Agents
Bis(Dialkylamino)Sulfur Difluorides *

Yield
Compound (%) mp Refs.
[(CH3)2N]-SF> (60)  64-65.5° 5,6
(CH3)2NSF,NC4Hg° =) —_ 6
(CHz3)2NSF2N(C2oHs): (92) Liquid—not 5,6

distilled

(CH3)2NSF,N(CsH10)° (99) 25-26° 5
(OC4HsgN)2SF2° — 101-102° 4

(98) " 16°
(C2Hs)2NSF;NC4HgO° — Viscous liquid 4
[(C2Hs)2N]oSF» (92) Liquid—not 5,6

distilled



OC4HgNSF2NCsH1¢° — 58-59° 4

(80) — 16°
(C2H5)2NSF2NCsH1¢° ) - 6
N-C4HeN(C2Hs)SF2N(CH3)C2Hs () — 6
(CsH10N)2SF* ) — 6

—d 104-105° 4

(97)  105-106° 16"
[(n-C4Hg)oN]oSF» =) - 6
[(CeH13)2N]2SF> ) — 6

*The bis(dialkylamino)sulfur difluorides were prepared from dialkylaminotrimethylsilanes and
dialkylaminosulfur trifluorides unless stated otherwise in the footnotes.

*References in boldface numbers indicate specific preparative procedures described therein.
°C4HgN is pyrrolidino, OC4HgN is morpholino, and CsHyoN is piperidino.

dYields were “close to theoretical.”

*The compound was prepared from the dialkylamide of sulfurous acid and dialkylaminosulfur
trifluoride.

Reaction of sulfur tetrafluoride with 3 moles of a dialkylaminotrimethylsilane
forms an ionic tris(dialkylamino)sulfonium difluorotrimethylsilicate (3a) (7).

+ =
3{CH3)ZNQ:H3}3 + SF, —=22_, [(CH,),N],S (CH,),SiF,

- T8* to room

temp., 3 d 3a (92%)

Salts 3a containing different dialkylamines are synthesized from
dialkylaminotrimethylsilanes and dialkylaminosulfur trifluorides (Table C). (7)

2 (CH,),NSi(CH,); + ]:\NSFS- = CNE [N(CHS),]; (CH,),SiF,
temp., 3 d
(787%)

Table C. Aminofluorosulfuranes as Fluorinating Agents
Tris(Dialkylamino)Sulfonium Difluorotrimethylsilicates (7)



Compound Yield (%) mp

86 55-72°
(CHy) NS (Crg) i, (TasE) &

(99) 61-67°* (dec.)

(71-78) (18) 98-101°

((CH,) N $NC,H, (CHy)SiFp O 40-45
1 1 1 . (>51)

[(CH3):NL,SN(C,H,); (CH,),SiF,

(CH)aNS (NC.Hg)y (CHy)uSiFy OO 49-50

(CaHgN)sS (CH,),SiFy (75) 54-57
98 90-95°

[{('-‘-f_:llﬁjgxhﬁ (CH,)48iF, (98)

: INEERUSNENNNNENNENERE

(CsH oN)3S (CH,)4SiF e

(4-CH,CaHoN)S (CHy),SiFy (89) 73-75
(96) 40-60°

["ﬂ"aﬂﬂns}ﬂag (CHj)aSiF,

*The compound was prepared by two different methods. (7) Almost quantitative yield and mp
58-62° are reported in Ref. 19.

C4HsN is pyrrolidino.

‘CsHyoN is piperidino.

94-CH3CsHsN is 4-methylpiperidino.

Aminofluorosulfuranes of all three types that are reported in the literature but
as yet not used for fluorinations are listed in Table D. Table E contains *H and
F NMR data for the most frequently used reagents. Other methods for
preparing aminofluorosulfuranes are shown in Scheme 1. (4, 16)

Table D. Aminofluorosulfuranes not Reported as Fluorinating Agents



No. of
Carbon
Atoms  Compound (yield %) mp, bp (mm) Refs.

C. DNSF; = Decomposes at 15
room temp

i 4 mp 140-142° 20
(CH;)oNSF; BF4(80)

Ca mp —-20°; bp 18° 15
F, (68
E)NS Bol (0.01); unstable

at room temp

OCHNSF, BRe (g5) 0 104-106 20

. 4+ . mp 74-76° 20
C5 (CH3)2NSF2CF(CF3)2 (89) bp 42-45° (14) 21

OC4sHgsNSF = NCFO*  bp 115-116° 22
(»100) (0.03)

, mp 92-94° 20
£5H10N§F2 BF,* (80)

(C2Hs5)2NSF = NCFO bp 96-98° (0.4) 22
(»100)

Cs OC4HgNSF,CFCICF3* (74) bp 51-52° (0.1) 23
OC4HgNSF,C,Fs" (77) bp 46-48° (0.13) 24

CsH1o0NSF = NCFO® bp 113-114° 22

(»100) (0.08)
C OC4HgNSF,CF(CF3).* bp 43° (0.05) 21
(96)

Cg (CH3)2NSF2(CF2)2C(CF3)3 Not isolated°® 25
-)



NSF, mp 17.5°% bp 46° 15
(76) (0.001)
(76)
Co Decomposes 15
= i
NSF, O explosively at
room temp
Cu mp 68° (dec.), bp 15
C,,H,,CNSF; =) 112 (0.03)
-)
C - i X mp 226-227° 20
2 (OC,HgN).S BF 2 (95) (ch.)
C1a mp 76° (dec.) 15
(83)
N

SF,
(83)

ane N is marnhal
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“The product reacts with water to give (CH5),NS(O)(CF,),C(CFs); in 50% yield.

Table E. lIEnd 1 NMR Shifts of Aminofluorosulfuranes. Axial Fluorine
(Fa), Equatorial (Fe)

'HNMR, & F NMR, ppm
ppm downfield from FCCl;
downfield
from
Compound Temperature (CHs),Si Fa Fe Refs.
(CH3)2NSF3a 25° 3.15 42 (broad) 2
-68° 3.06(dt, 59.4(d of  20.2(t of 26

Jura = 5.0 Hz,  heptets, heptets,
Jure = 8.2 HZ) Jrare = 58 Hz,  1F)
2F)
(C2Hs)2NSF3 25° 1.27(t, 46.4(broad) 3,10
JuH = 6.9 HZ),



3.35 (q)

—68° 1.25(t, 54.0(d of  34.4(tof 26,27
Jun = 7.0 Hz), multiplets, quintets,
349(th, JFaFe = 62 HZ, 1F)

JHFa = 3.0 HZ, 2F)
JHFe = 61 HZ)
CsH1oNSF3° 20° 41.7(broad) 10
—-86° 55.6 22.2 10
(i-CsH7)2NSF3 —68° 61.9(d of 18.3(t of 14

multiplets, multiplets,
JFaFe = 53 HZ, 1F)

2F)

[(CH3)2N].SF* 2.80(s) 6.9(s) 5,6
[(C2H5)2N]2SF2 1.36(t, 9.7 5,6

JHH =75 HZ),

llllllllllllllllllllllllllii“f‘llllllll

(CHg3)2NSF,N(C2Hs)2 1.35(t, 10.9,°10.0 5,6

Juwu=7.5 HZ),

2.90 (s), 3.44

(@)
(CH3)2NSF2IB5H1J’ 5.9 5

%n the trigonal-bypyramidal structure two fluorine atoms are axial, one is equatorial, and the
dimethylamino group is also equatorial.(2, 3)

bC5H10N is piperidino.

“Single crystal X-ray diffraction showed that the compound has a trigonal-bipyramidal structure
with the fluorine atoms axial and the diethylamino groups equatorial.”"

Scheme 1.



2 5F,
R 2N50F m

1 5F,
[55-68%)

R,NSO,C,H; 20-25°, autoclave
iZh

» R,NSF,

3.3 5F,
(90-957)

R,NSONR,

1.5 SF,
(65-T0%)

R ZNSOC'S,H4CH =P

CgH,
—_— %
25°, 4 h; 60°, 30 min

R,NSONR, + R,NSF, R,NSF,NR, + R,NSOF

(97-98%) (60-67%)
R, = (C;Hs),, (CH,)s or O(CH,CH,),
Experimental details illustrating the preparations of aminofluorosulfuranes by a variety of
methods are given in “Experimental Procedures.”




3. Mechanism

3.1. Replacement of Hydroxy Groups by Fluorine

The mechanism of the replacement of a hydroxy group by fluorine by the
action of dialkylaminosulfur trifluorides and bis(dialkylamino)sulfur difluorides
resembles to a certain extent that of sulfur tetrafluoride. (28) The first step is
the nucleophilic displacement of fluorine on sulfur by the oxygen of the hydroxy
compound accompanied by elimination of hydrogen fluoride:

ROH + F3;SNR, — ROSF;NR; + HF
4

Although intermediate 4 has not been isolated, its temporary existence is
inferred from *°F NMR spectroscopy of a mixture of equivalent amounts of
DAST and 1,2:5,6-di-O-isopropylidene- a -D-glucofuranose. In
dichloromethane, the signal of DAST at 40 ppm disappears, and a new
five-line signal at 59 ppm (J = 2 Hz) could be caused by intermediate 5. (29)
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trifluorides with trimethylsilyl polyfluoroalkyl ethers (p. 540).

A more reliable proof of such an intermediate is the isolation of a mixture of two
compounds 6, diastereomeric on sulfur, from the partial hydrolysis of the
product obtained on treatment of 6 a ,9 a -difluoro-16 a -methyl-11
B,17,21,-trihydroxy-1,4-pregnadiene-3,20-dione 21-trimethylacetate with
piperidinosulfur trifluoride. (30)



The fate of intermediate 4 depends mainly on its structure. With simple
alcohols, 4 is converted into the alkyl fluoride by reaction with fluoride ion:

4

() ence () =ldalalarzlilala0 ar= alrangemen = alaniarzia ale ars
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mechanism. On the other hand, the displacement of many chiral hydroxy
groups by fluorine occurs with almost complete inversion of configuration, (31)
thus pointing to an Sy2 reaction. No stereo-randomization is reported in many
reactions involving carbohydrates (29) and steroids. (32) Complete retention of
configurati observed in case of neighboring group participation. (17)

In view of these results, intramolecular transfer of fluorine from sulfur to carbon
in intermediate 4 can be ruled out in most cases. This is in contrast to
fluorinations of hydroxy compounds by sulfur tetrafluoride. (28) There are,
however, a few examples where intramolecular fluorine transfer may be
suspected. In the fluorination of methyl a-D-mannopyranoside with an excess
of DAST, fluorine replaces not only the hydroxy group on C-6 but also the one
on C-4. It is impossible to limit the reaction to monofluorination at C-6. This
result can be best interpreted by assuming intramolecular transfer of fluorine
onto C-6 in the intermediate 7. (33)



F
Fr % N(C;H;),
F/ !

F r oH
{CZHS},NS o H

— )

FD HO HO
H, OCH,

Another example that may involve intramolecular transfer of fluorine is the
conversion of levulinic acid into 4-fluoro-4-hydroxypentanoic acid lactone. (34)
Alternatively, the observed product could arise from fluorination of the cyclic
hemiketal of levulinic acid.

The conversion of allylic alcohols into the isomeric allyl fluorides may occur by
either an Syi' mechanism involving intramolecular fluorine transfer, or an Sy2'
mechanism. (35)



F\S/N{CIH 5}2

| o

RCH_~ CH

\
~cH P(O)OC,H), \
RCHF .

=
cH”  “POYOC,H,),

5,2

FNCaHo),
PN
F @)
N

RCH_— CH
SCH  PO)OC,Hy),

F-

From the experimental evidence it can be concluded that the replacement of
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several mechanisms depending mainly on the structure of the hydroxy
compounds. Similar mechanisms can be assumed for the reaction of
bis(dialkylamino)sulfur difluorides with hydroxy compounds.

3.2. ReactiEI of Dialkylaminosulfur Trifluorides with Aldehydes and
Ketones

In contrast to the reaction of aminofluorosulfuranes with hydroxy compounds,
no sulfur- and nitrogen-containing intermediates have been intercepted in the
reaction with aldehydes and ketones. It has been suggested that the initial step
is addition of hydrogen fluoride, formed from the reagent and traces of water,
across the carbonyl group. The resulting a -fluoro alcohol then reacts with
dialkyaminosulfur trifluoride or bis(dialkylamino)sulfur difluoride in the way
shown for alcohols and affords intermediate 8. (5)

RR!CO 5 RR'CFOH =% RR!CFOSF,NR, — RR'CF, + FSONR,
B

Experimental support for the intermediacy of a -fluoroalcohols is the isolation
of bis( a -fluoroalkyl) ethers and bis( a -fluoroalkyl) acetals from the reaction of
trichloroacetaldehyde with DAST: (36)
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CCLCHIOH, (CCI,CHF),0 @70
e CCl1,CH(OCHFCCl,), (32%)

DAST

CCl;CHO —— CCI,CHFOH

With monochloroacetaldehyde, the a -fluoroethyl alcohol is less stable and
reacts with DAST to form 1-chloro-2,2-difluoroethane in preference to ether
formation: (36)

CICH,CHFOH
_

(CICH,CHF),0 (15%)

DAST

CICH,CHO -+ CICH,CHFOH {
—— CICH,CHF, (282%;)

The decomposition of intermediate 8, formed from the a -fluoroalcohol and
dialkylaminosulfur trifluoride, may occur either by intra- or intermolecular

a proton with formation of a vinyl fluoride. (37, 38) Such a reaction is enhanced
and may even predominate when polar solvents and especially catalysts such
as fuming sulfuric acid are used. (37) The effect of the conditions on the
outcome of the reaction is shown in the fluorination of 2-methylcyclohexanone.
(37)

0 OSF,N(C,H3s),
DAST i
O =
. _F OSF,N(C,H.,), F
(X HON

\C[F + C:(F

Solvent A B C



CH.Cl; (60%) (30%) (10%)
Glyme (51%) (36%) (13%)
Diglyme, H>SO4, SO3 (24%) (65%) (11%)
Glyme, H,SO4, SO3;  (22%) (67%) (11%)

The vinyl fluorides are not formed by elimination of hydrogen fluoride from the
geminal difluorides since the latter are stable under these conditions. In certain
cases, the fluorocarbocations may undergo a Wagner—Meerwein
rearrangement prior to proton loss or fluoride addition. An example is the
reaction of pivalaldehyde with DAST. (5) In the nonpolar solvent
fluorotrichloromethane, 1,1-difluoro-2,2-dimethylpropane is obtained in 78%
yield. When the more polar diglyme is used as the solvent, the
1,1-difluoro-2,2-dimethylpropane is accompanied by two products of a
rearrangement:
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/,P;/')' E*C4H9CHF2 + 65F2N{C2H5}2

24%
+ e
D \ I-C4H9CHF OSFzN{CzHSJZ Ca—
(CH5),CCHFCH, i
OSF,N(C,H,), -" * CH,=C(CH,)CHFCH, (%)

t-C,H,CHFOSF,N(C,H.),

By comparison, vinyl fluoride formation and cationic rearrangements are not
observed in SF, fluorinations.

An oxidation occurs in the reaction of DAST with certain 8 -ketoesters 38a,b
and 3 -diketones 38b,c to give a , B -difluoro- a, B -unsaturated esters and
ketones, respectively. A possible mechanism involves reaction of DAST with
the enol form of the substrate followed by intramolecular fluorine transfer to
generate the a -fluorinated species. These intermediates, which have not yet
been isolated, react with a second molecule of DAST to give the observed
products.



CSFNR,
o~ F
DAST |*\) ) PR
CH,;COCH,CO,C,Hs — CH?-C-‘%
CHCO,C,H;

CH,COCHFCO,C,H, —=» CH;CF=CFCO,C,H;
{cis:trans 1:1; 40—605))

3.3. Conversion of Carboxylic Acids into Acyl Fluorides

The formation of acyl fluorides from carboxylic acids proceeds by a
mechanism analogous to that of the reaction of alcohols with
dialkylaminosulfur trifluorides. Conversion of a carboxy group into a
trifluoromethyl group is reported in only one case, (9) and the replacement of
the carbonyl oxygen probably occurs by a mechanism analogous to that for
aldehydes or ketones.

3.4. Conversion of Halo Compounds into Fluorides

metatrietcar excriange or nalogens as proved py 1Sofatorm or morpnoiinosuttur
chlorodifluoride from the reaction of morpholinosulfur trifluoride with arylsulfinyl
chlorides and benzotrichloride. (39)

ArSOCI + ﬁcuzcuz}zwsp,, — ArSOF + O(CH,CH,),NSCIF,

3.5. Conversion of Sulfoxides into a -Fluorosulfides

The reaction of DAST with dialkyl or aryl alkyl sulfoxides having at least one a
-hydrogen atom gives a-fluorosulfides. The proposed mechanism resembles
that of the Pummerer rearrangement. (40)
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o R—CJ (0
I ~F- | | w.i.E*
RCH ISR . + {CQH 5)1NSF3 — H"“\I S T

(C,Hy),N” F

+ R!
S/’

-
RCHMF‘ —— RCHFSR! + (C,;Hj),NSOF

i /SGF
+ (C,;Hs);NH




4. Stereochemistry

The steric course of the replacement of hydroxy groups by fluorine by means
of aminofluorosulfuranes is not straightforward. On one hand, partial or
complete skeletal rearrangement during the fluorination can be best accounted
for by assuming ionic or ion-pair mechanisms. (5) Dehydration, which is
sometimes very extensive, can also be explained by the intermediate
formation of carbocations since it is frequently accompanied by skeletal
rearrangements. (5, 32, 41) In chiral compounds, such reactions should cause
partial or complete racemization; however racemization during the reactions of
chiral hydroxy compounds with DAST and its analogs has not been explicitly
reported. On the contrary, the replacements of hydroxy groups by fluorine are
claimed to occur with complete inversion or complete retention of configuration.
Treatment of (+)-(S)-2-octanol with DAST gives, in addition to octenes,
(-)-(R)-2-fluorooctane of 97.6% optical purity. (31) Complete inversions have
further been reported in the preparation of dimethyl fluoromalate (42) and in
the syntheses of fluorinated carbohydrates, (29, 33, 43-46) steroids, (32, 47,
48) and other natural products.
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reactions of hydroxy compounds with aminofluorosulfuranes. In most
examples of retention, participation of a neighboring group is probably
responsible for this result. An example is the conversion of 3-hydroxy- A
>_steroids into 3-fluoro- A °-steroids. (32) Thus 3 B -cholestanol gives 3 a
—quorocholﬁlne, whereas cholesterol affords 3 3-fluorocholest-5-ene. (32)

= e O
H (C,H,),NSF,O

% e
- OO

(C;H),NSF,0~

A similar result is obtained in the conversion of vitamins D into fluorovitamins D,
where the configuration may be preserved by temporary formation of a



six-membered ring with the participation of the carbonyl oxygen of the acetate

group. (49)
F s -
DAST —
AcO” OH (n) : (j ~OSF;N(C,Hjy),
| CH, h
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Another erple of retention of configuration as a result of neighboring group
participation is the reaction of aminofluorosulfuranes with 11 3
-hydroxysteroids with different substituents in position 9. When the 9 a
substituent is hydrogen or fluorine, piperidinosulfur trifluoride or DAST cause
dehydration to 9,11-(9) or 11,12-unsaturated steroids (10), respectively. (30)
When the 9 a substituent is chlorine, the 11 8 -hydroxy group is replaced by
fluorine with retention of configuration because of the intermediate formation of
a chloronium ion. (30)



COCH,0,CC Hy-n

CyH, o NSF, X=0 F~
— 607 to —40° ;

In11- a —thy steroids with hydrogen in 9 a position, the 9 a -fluoro
derivatives 11 are obtained in low yield, probably resulting from the addition of
hydrogen fluoride across the 9,11 double bond in the 9,11 dehydrated
products 9. (48)

It can be inferred that in compounds in which substituents in the vicinity of
hydroxy groups are capable of forming short-lived cyclic intermediates, the
replacement of hydroxyl by fluorine takes place with retention of configuration.

There are a few examples of retention of configuration in compounds in which
neighboring group participation cannot be invoked. Treatment of 6 a
-hydroxy-5 a -androstan-17-one with DAST affords 6 a -fluoro-5
a-androstan-17-one: (48)



— (86%)

The hydroxy group in position 7 of 10 8 -benzyloxycarbonyl-2-oxo-7 a
-hydroxy-1 B ,8 B -dimethylgibbane-1 a ,4a a -carbolactone is replaced by
fluorine with retention of configuration; (50) in this case, inversion would lead
to an excessively strained trans-bridged bicyclic ring system.

O

]

j Jo
] /]
o @ ~F +p @ -F
[] CO,CH,C4H, CO,CH,C4H,

(8%) (44%)



5. Scope and Limitations

Reactions of aminofluorosulfuranes with organic compounds are summarized
in the following equations:

ROH %;‘:;Fi} RF
RCOCH,R! —— RCF,CH,R! + RCF=CHR!
RCO,H ——— RCOF (+RCF,)*
RSO,H —— RSO,F
R,P(0)OH —— R,P(O)F
RCOCl —— RCOF
RSOCI — RSOF
RSO,Cl —— RSO,F
R,SiCl — R,SiF

1

RCH(OR')SR* ——— RCH(OR'F
RCH,S(O)R! ——— RCHFSR!
(CeHjs)sP or (CgHy);PS ——— (CgH,),PF,

[]

Dialkylaminosulfur trifluorides also add to poly- and perfluorinated alkenes (Eg.
1) (21)

CF,=CFCF; + R,NSF; =% (CF,),CFSF,NR, 1)

and bis(dialkylamino)sulfur difluorides react with trimethylsilyl isocyanates
according to Eqg. 2:

(R,N),SF, + (CH;);SiNCO — (R,;N),S—=NCOF + (CH,),SiF @)

These reactions of aminofluorosulfuranes are not discussed in this chapter,
which is limited to transformations that introduce fluorine into organic



compounds in place of oxygen, sulfur, or halogen. However, dehydrations that
take place during reactions of hydroxy compounds with aminofluorosulfuranes
are mentioned.

Apart from differences in the reactivity between dialkylaminotrifluorosulfuranes
and the less reactive bis(dialkylamino)difluorosulfuranes, (4) there are small
differences among individual aminofluorosulfuranes as to the results of their
reactions. Thus, piperidinosulfur trifluoride gives consistently higher yields than
DAST in fluorinations of
3-(1-hydroxyethyl)-4-benzyloxycarbonylmethyl-2-azetidinone (51) and causes
more dehydration than DAST in the reaction with 9 a -fluoro-16 3
-methyl-12,17 a ,21-trihydroxypregna-1,4-diene-3,20-dione 17

a ,21-dipropionate. (52) In the preparation of bis( a -fluoro)alkyl ethers by
fluorination of a -haloaldehydes with dimethylaminosulfur, diethylaminosulfur,
and morpholinosulfur trifluorides, slight differences in the ratios of
diastereomers are observed. (36)

5.1. Reactions with Alcohols
The principal application of DAST and other dialkylaminosulfur trifluorides and
bis(dialkylamino)sulfur difluorides is in the conversion of alcohols into
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relatively acidic hydroxy compounds. DAST and its analogs react with all types
of hydroxy compounds at temperatures well below room temperature,
sometimes at —78°. Primary, secondary, tertiary, allylic, and benzylic alcohols
are converted into fluorides in high yields. (5, 9) Lewis-acid catalysis of these
reactions hiasinot been observed, in contrast to fluorinations with sulfur
tetrafluoride. Carbocation rearrangements occur, although to a lesser extent
than with other fluorinating agents. (5) Thus isobutyl alcohol gives 49% of
isobutyl fluoride and only 21% of tert-butyl fluoride. However, both borneol and
isoborneol (endo-bornanol and exo-bornanol) rearrange to the same
3-fluoro-2,2,3-trimethylbicyclo[2.2.1]heptane (72—74%) accompanied by
17-18% of camphene. (5)

A pinacol rearrangement occurs when DAST reacts with
trans-7,8-dihydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (12). The product,
7-(difluoromethyl)-8,9-dihydro-7H-cyclopentala]pyrene (13), suffers another
rearrangement to 7-fluorobenzo[a]pyrene (14) on treatment with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). (53)



————— ek
CH, (1,
- T8%, 30 min, 0"
HO"

T oS

12
CHF,
13 (40%%) 14 (80%)

Allylic rearrangements occur in the reactions of allylic alcohols with
aminofluorosulfuranes. (5, 9, 35) Rearrangement of crotyl alcohol and isocrotyl
alcohol to isocrotyl and crotyl fluorides, respectively, is slightly affected b
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rearrangement than nonpolar solvents such as isooctane. (5)

CH,CH=CHCH,0H —, CH,CH=CHCH,F + CH,CHFCH=CH,
isooctane (36%) (64%;)
|:| diglyme (28%) (72%)
CH,CHOHCH=CH, ——" . + »
isooctane (9%2) (91%)
diglyme [22%} [?E%]

Skeletal rearrangements are observed in the reaction of DAST with
cholest-5-en-3 3 ,19-diol 3-acetate (15) and 6
B-hydroxymethyl-19-norcholest-5(10)-en-3 {3 -ol 3-acetate (16). (41)

A similar rearrangement involving a ring size change occurs in 17 3
-ethoxycarbonylmethyl-1 8 ,3 B -dihydroxyandrost-5-ene 3-acetate (17) to
afford derivative 18 with fused five- and seven-membered rings. (54)



/

HO.
A
cO .
AcO (10% from 18, 23% from 16)
15

DAST
CH. 1y
AcO

(31-32%)
AcO : i
AcO (12-14%)

3

/

Nesprtegt

18 (80%)

An interesting rearrangement takes place with some saccharide derivatives in
which a free hydroxylic group is adjacent to an acetal oxygen and to an azido
group. 54a,b With the participation of the neighboring groups, either the
replacement of the hydroxy group occurs with retention of configuration, or an
exchange of the neighboring substituents takes place with inversion on both
chiral centers involved. If the acetal oxygen participates, the hydroxy group is
replaced by fluorine (path a), or an ether of a glycosyl fluoride is formed (path
b). If azide nitrogen participates, the fluorine replaces the azide group (path c).
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A similar regangement occurs when N,N-dibenzyl-L-serine benzyl ester (19)
is treated with DAST. N,N-Dibenzyl- a -fluoro- B -alanine benzyl ester (21) is
obtained by an intramolecular nucleophilic displacement via an aziridine
intermediate. Compound 21 is also obtained by treatment of
N,N-dibenzyl-D-isoserine benzyl ester (20) with DAST. (55)



HO H
H---é—é*‘ﬂﬂ ,CH,CsH;
A N(CH,C¢Hj),
" e | CH,—CHCO,CH,C,H,
H OH (‘\ﬁé}lzcsﬂsh
H---é—é--—CD,CHICﬁHﬁ

(CeH,CH,),N H
20

— (CEH SCH 2}2NC H 2CH FCD'E CH zC,ﬁH 5
21 (90%)

On the other hand, fluorination of derivatives of the methyl homolog of serine
occurs with retention of configuration: threonine derivatives afford threo
products, and allothreonine derivatives afford erythro products. (55)
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with aminofluorosulfuranes, is seldom as extensive as with other agents
capable of replacing hydroxy groups by fluorine. (5) Dehydration accompanied
by Wagner—Meerwein rearrangement occurs during the fluorination of
testosterone; 18-nor-17-methyl-4,13-androstadien-3-one (23) is isolated in
addition to Endrosten—l? a -fluoro-3-one (22). (32)

OH F

DAST

22 (40%) 23 (323})

In a few cases, dehydration occurs to the exclusion of fluorination; thus 9 a
-fluoro-11-hydroxysteroids give 9 a -fluoro- A (11)-steroids. (30, 52, 56)

Intermolecular dehydration to form ethers in addition to fluorides is observed in
the reaction of DAST with benzhydryl alcohols. (57)



DAST
CH,Cly, —30°, 30 min

(CeHs),CHOH » (CeH5),CHF + [(CeH;),CH],0

(40%) (44%)

Reaction of polyhydroxy compounds, such as saccharides, with DAST
replaces one or two hydroxy groups by fluorine. More fluorine atoms are not
introduced even when up to 6 equivalents of DAST are used. (43, 58)

Halogenated alcohols are converted into halofluorides without replacement of
halogen by fluorine. (5, 9, 59)

The high degree of reactivity of DAST and its analogs toward hydroxy groups
provides a method for selective conversion of hydroxy ketones into
fluoroketones. (32, 47, 48, 60) Many hydroxyketosteroids are transformed into
fluoroketosteroids by treatment with DAST at room temperature. (32, 47, 48)

Examples of fluorinations of hydroxy aldehydes are lacking. Judging from the
ease of replacement of aldehydic oxygen by fluorines, it can be anticipated
that selective replacement of a hydroxy group in hydroxy aldehydes will be
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form fluoroacid fluorides, which on workup in an agueous medium give
fluoroacids. (61) Hydroxy esters (5, 9, 42, 62, 63) and hydroxy amides (64-66)
are converted into fluoroesters and fluoroamides, respectively, since DAST
and its analogs do not react with the carbonyl group of carboxylic acid
derivativesD

5.2. Reactions with Aldehydes

Reaction of aldehydes with dialkylaminosulfur trifluorides (use of a
bis(dialkylamino)sulfur difluoride is reported in one example (4)) affords
geminal difluoro compounds in moderate to high yields. The reactions are
usually carried out in aprotic solvents, most frequently in dichloromethane,
using 1 mol or rarely an excess of the reagent at temperatures ranging from
room temperature to 80°.

Aliphatic, (5, 8) aromatic, (5, 8) and heterocyclic (60, 67, 68) aldehydes are
converted into 1,1-difluoro compounds even in the presence of other functional
groups except hydroxy groups. Such groups in hydroxy aldehydes and
hydroxy ketones must be protected since they react preferentially with the
fluorinating agents. Hydroxy groups in saccharides can be protected by
formation of acetonides. (69, 70) Aldedyde oxygen reacts in preference to
ketone oxygen. Many steroidal ketoaldehydes are selectively fluorinated at the
aldehyde group. (71, 72) In cephalosporins, DAST replaces the aldehydic
oxygen by two fluorines without affecting the ester and the amide groups,



which are inert toward this reagent. (67)

Deviations from the regular reaction course are rare. Occurrence of a
rearrangement with pivalaldehyde and the formation of ethers from
polyhaloacetaldehydes are mentioned in the mechanism section.

5.3. Reactions with Ketones

The reaction of ketones with DAST (thus far, other aminofluorosulfuranes have
not been used with ketones) parallels that of aldehydes. It is usually carried out
in solvents at temperatures ranging from 25 to 80°, using 1 mol or a small
excess of the reagent (in rare cases up to 3 mol). Yields as high as 98% are
reported. The formation of vinyl fluorides as a possible side reaction is
discussed in the section entitled “Mechanism.”

If a vinyl fluoride is the desired product, its yield can be maximized by carrying
out the fluorination in glyme in the presence of fuming sulfuric acid; (37) any
difluoride formed can be converted into the vinyl fluoride with alumina. (73)
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As may be Elpected, the hydroxy group is replaced preferentially in hydroxy
ketones. (50)

In ketoaldehydes, DAST reacts preferentially with the aldehyde group (71, 72)
even with 8 equivalents of DAST. (71) In keto esters (74-77a) and keto amides
(38, 78) only the ketone carbonyl oxygen is replaced with two fluorine atoms
since esters and amides do not react with aminofluorosulfuranes.

A number of B -ketoesters 38a,b and B -diketones 38b,c react with DAST to
give a, B -difluoro- a, B -unsaturated esters or ketones in moderate to good
yields. A possible mechanism for this oxidative fluorination has been
discussed. The scope of the reaction has not yet been determined.

CH,COCH,COCH, 25T -°2 , cH,CF—=CFCOCH,

N-methylpyrrolidi
e Qe (cis:trans 1:1; 40-607;)



5.4. Reactions with Epoxides (Oxiranes)

Epoxides (oxiranes) react with diethylaminosulfur trifluoride in ways depending
on their structures. Cyclopentene oxide and cyclohexene oxide give mixtures
of cis-difluorides and bis( a -fluoro) ethers. Styrene oxide affords a mixture of
1,1-difluoro- and 1,2-difluoro-2-phenylethane, and both cis- and trans-stilbene
oxides give, albeit in very poor yields, mixtures of meso- and racemic
1,2-difluoro-1,2-diphenylethanes and 1,1-difluoro-2,2-diphenylethane.
Cyclooctene oxide and cyclohexene sulfide do not react appreciably under the
conditions used (equimolar ratio, no solvent, 50-80°). (78a)

RCH—CHR 225, RCH—CHR + (RCH—CHR),0
# | | |
0 F F F

5.5. Reactions with Carboxylic and Other Acids

Dialkylaminosulfur trifluorides react with carboxylic acids in ether,
dichloromethane, or benzene at 0-20° to give acyl fluorides in yields of
70-96%. (8, 9) Conversion of a carboxy group into a trifluoromethyl group is
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presence of sodium fluoride at 80° for 20 hours. (9) Equally exceptional is
replacement by two fluorines of the oxygen in a carbonyl group of some

lactones (p. 538). (78b)

The fact th minofluorosulfuranes do not convert carboxy groups into
trifluorome groups under mild conditions differentiates these reagents from
sulfur tetrafluoride and makes them useful for the replacement of alcoholic
hydroxy groups by fluorine in the presence of carboxy groups in the same
molecule. An example is the conversion of mandelic acid into a
-fluorophenylacetic acid in 68% yield. (61) The reaction requires 2 moles of the
dialkylaminosulfur trifluoride since both alcoholic and carboxylic hydroxy
groups are replaced by fluorine. Subsequent treatment of the reaction mixture
with water transforms the fluoroacyl fluoride into the fluorinated acid. (61)

A rather exceptional example of the generation of a trifluoromethyl group by
means of DAST under mild conditions is the conversion of tetraethylthiuram
disulfide, a derivative of a dithiocarbamic acid, into diethyltrifluoromethylamine.

(8)

S
|
[(C,H;),NCS], =5 (C,Hy),NCF;  (10%)



Like carboxylic acids, sulfonic and phosphonic acids are transformed into acid
fluorides by dialkylaminosulfur trifluorides: p-toluenesulfonic acid gives
p-toluenesulfonyl fluoride at 80°, (79) and dibenzylphosphonic acid affords the
fluoride at 20°. (8)

5.6. Reactions with Lactones

Certain a -hydroxylactones react with DAST under surprisingly mild conditions
to give a -fluorolactones with inversion of configuration as well as products in

which the carbonyl group has been replaced by two fluorine atoms. Lactones

with hydrogen or fluorine in the a-position do not react with DAST. A possible

mechanism is shown below. (78b)
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(45%)

5.7. Reactions with Halides and Sulfonates
Other halogens, if sufficiently reactive, can be replaced by fluorine using
dialkylaminosulfur trifluorides. With a few exceptions, only iodides, allylic and



benzylic bromides, and chlorides of carboxylic, sulfinic, sulfonic, and
phosphonic acids are fluorinated at temperatures of 20—-60°. Trimethylsilyl
fluoride (39) and thionyl fluoride (39) can be prepared from the corresponding
chloro compounds. Examples of the fluorination of relatively unreactive halo
compounds are the conversion of diethyltrichloromethylamine into
diethyltrifluoromethylamine by pyrrolidinosulfur trifluoride (39) and the
formation of tert-butyliminosulfur difluoride from the corresponding dichloride.
(39)

1-C,HsCN=SCl, 225 -C,H,CN=SF,  (62%)

Tris(dialkylamino)sulfonium difluorotrimethylsilicates, on the other hand, are
much more reactive; thus TASF fluorinates primary chlorides and converts
deuteriochloroform into deuteriodichlorofluoromethane. (7) The
trifluoromethanesulfonate of 2,3:4,5-di-O-isopropylidene-D-fructopyranose (24,
R = CF3S0s;) reacts with TASF in refluxing tetrahydrofuran overnight to give
the deoxyfluorosugar 24 (R = F) in 80% yield. Direct fluorination of compound
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Another compound capable of replacing a reactive halogen or a
trifluoromethanesulfonyloxy group by fluorine is tris(dimethylamino)sulfonium
trifluoromethoxide (TAS'CF307), prepared by treatment of
tris(dimethylamino)sulfonium difluorotrimethylsilicate with carbonyl fluoride.
(80a) However, the reaction is not clear-cut since trifluoromethyl ethers are
formed concomitantly with fluorides. (80Db)

[(CH;),N]58*(CH3);SiF,~ + COF, — [(CH,),N],S*CF,0~ (TAS*CF;0")

RIRZCHX —TAS'CR.O7,

X = Bl'., CF;SG;

R'R2CHF + R'R?CHOCF,



5.8. Reactions with Sulfoxides

DAST can be used for an unusual general transformation of dialkyl and alkyl
aryl sulfoxides that contain at least one a -hydrogen atom into a -fluoroalkyl
sulfides. (40)

(CH,),S0 — 2=, CH,SCH,F (8%

CHCl,, 25° 16h

This reaction, whose mechanism resembles that of the Pummerer
rearrangement, is strongly catalyzed by anhydrous zinc iodide.

5.9. Reactions with Hemithioacetals

Another unusual reaction of DAST is the replacement of a phenylthio group in
saccharide hemithioacetals by fluorine. The reaction requires the presence of
N-bromosuccinimide and takes place at 0—25°. The transformation seems to
be stereospecific; its mechanism is not well understood. (81)
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5.10. Reactions with Alkyl Silyl Ethers

Dialkylaminosulfur trifluorides react readily with trimethylsilyl ethers ofa, a, w
-trihydroperfluoroalcohols to form stable
polyfluoroalkoxydialkylaminodifluorosulfuranes that decompose at higher
temperatures to dialkylaminosulfinyl fluorides and a , a , w
-trihydroperfluoroalkanes. (82)

HCF:CF;CH;DSI[CH3}3 + G(CHECszzNSFa (C;H.),0

(-5, 10 min
20°, 30 min

HCF,CF,CH,0SF,N(CH,CH,),0 ——

HCF,CF,CH,F + O(CH,CH,),NS(O)F
(85%) (50%)




The exceptional stability of the primary reaction products is evidently due to
the presence of strongly electron-withdrawing substituents that do not favor
the formation of a carbocation.

Trimethylsilyl ethers of cyanohydrins react with DAST to give a -fluoronitriles in
yields that are higher than those obtained from the cyanohydrins themselves.
(83)

5.11. Reactions with Phosphorus Compounds

Dialkylaminosulfur trifluorides are used for the preparation of
triphenylphosphine difluoride (difluorotriphenylphosphorane) from both
triphenylphosphine and triphenylphosphine sulfide. (8)

(CeHs)sP ———r (93%)

R,NSF,

(CeH;)sPS — (8273)

(CeHs)sPF,

Applications of aminofluorosulfuranes in the fluorination of various classes of
compounds are collected in Table F, which should be helpful in the location of
quorination'ma specific area of chemistry.

Table F. List of References by Substrate

Carbohydrates 13, 29, 33, 43, 44, 45, 46, 54a,b, 58, 63, 69,
70, 80, 80b, 81, 84-90

Steroids 30, 32, 37, 41,47, 48, 49, 52, 54, 56, 71, 72,
77, 77a, 91-109

Terpenes 50, 62, 74, 110-118

Amino Acids 55, 76, 119-122

Heterocycles 38, 60, 64, 65, 66, 67, 68, 78, 121, 123
Antibiotics 67, 68, 124-130




5.12. Side Reactions

Fluorinations with aminofluorosulfuranes are sometimes accompanied by
rearrangements, loss of water, or loss of hydrogen fluoride. Several types of
rearrangements have been discussed in the preceding sections.

The majority of the nonfluorinating side reactions are dehydrations to olefins.
These accompany conversion of alcohols into fluorides (5, 9) and may become
the only reaction with certain hydroxy compounds. Exclusive dehydration is
observed in a number of 9 a -fluoro-11  -hydroxy steroids, which always give
nonfluorinated products with an 11,12 double bond. (30, 52, 56) It is interesting
that the 9 a -chloro-11 B -hydroxy analogs are converted into 9 a -chloro-11 3
-fluoro steroids, (95) whereas the halogen-free compounds are dehydrated to
A % steroids. (30) When intermediate 25 of these reactions carries a
hydrogen on C-9, elimination of a proton via a carbocation gives the A
product 26. If C-9 bears chlorine, a chloronium ion 27 bridging C-9 and C-11 is
formed; attack by fluoride leads to the 11 3 -fluoride 28 with retention of the
original configuration. With fluorine on C-9, formation of a positive charge is
disfavored, and the CsH1oNSF,0 group is eliminated via a six-membered
transition state to give the A ** steroid 29. (30)

9(11)

‘. C:H:&NSF.\

COCH,0,CC, H,-t

CsH,oNSF,0 Q!'I
0 ‘
F



X=H
-H*
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Regarding other dehydrations, the reaction of DAST in the presence of
pyridine Wi(mwo diastereomeric saccharides should be mentioned. Whereas
1,2:5,6-di-O-5opropylidene- a -D-allofuranose (30) gives the corresponding
fluorodeoxysugar 31 with inversion of configuration,
1,2:5,6-di-O-isopropylidene- a -D-glucofuranose (32) undergoes exclusive
dehydration to product 33. (29)
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With several benzhydryl alcohols, dehydrations result in the formation of
ethers by intermolecular displacement of the R,NSF,O group. (57
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aminofluorosulfuranes with alcohols containing nucleophilic substituents such
as trialkylsilyloxy groups, (116) tert-butoxycarbonylamino groups, (126) or
benzyloxycarbonylamino groups (128) gives rise to ethers and oxazolidinones,
respectively.

[]
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R = CH=CHCH[OSi(CH}),C,Hy-{]CsH, ;-n + t-C,H,Si(CH,),F
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CH(CH,)NHR OH O/CG
OCH; pasr RNH-7—|——X—~0CH,
NRCH;, ' NCH,
O (39%)
L
+ C,H.CH,F

R=C Hf,CH'OzC

I oo T o

Vinyl fluoride formation is a side reaction in the fluorination of ketones, but not
aldehydes, dialkylaminosulfur trifluorides. (37, 38, 78) The effect of
solvent polammty and the presence of fuming sulfuric acid on the product
distribution has been discussed previously.

5.13. Unsuccessful Fluorinations

It is difficult to list reactions in which aminofluorosulfuranes failed to
accomplish fluorinations because even if such failures are reported, they may
escape indexing and a literature search. A few reported failures discovered in
reading papers containing successful fluorinations are included in Tables |-l
VIIl, and X. However, reports on unsuccessful fluorinations should not
discourage chemists from attempting such reactions since they may succeed
under different conditions.



6. Comparison with Other Fluorinating Agents

Aminofluorosulfuranes are important additions to the host of reagents that
convert alcohols into monofluorides and carbonyl compounds into geminal
difluorides. They compare favorably with other fluorinating reagents used for
this purpose. (131-135)

6.1. Hydrogen Fluoride

Hydrogen fluoride or its mixtures with amines (Olah's reagent, 70% hydrogen
fluoride and 30% pyridine) (136) can be used with alcohols, but side reactions
such as rearrangements and polymerization often occur in the strongly acidic
medium.

6.2. Sulfur Tetrafluoride

Sulfur tetrafluoride dominated fluorinations of oxygen-containing functions for
25 years. It is useful for conversion of some alcohols into monofluorides,
aldehydes and ketones into geminal difluorides, and acids and their derivatives
into trigeminal trifluorides. The last application remains unchallenged by
aminofluorosulfuranes since they react only with free carboxylic acids and

convert hprrrlli'n")m‘il Lorides
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One advantage of the liquid dialkylaminosulfur trifluorides over the gas sulfur
tetrafluoride is their ease of handling. They are also definitely superior to sulfur
tetrafluoride in reactions with alcohols. Sulfur tetrafluoride reacts at room
temperature or slightly elevated temperatures only with very acidic alcohols
such as nitfo flcohols and polyfluoro alcohols, whereas normal alcohols
require temperatures above 100°. DAST and related compounds convert
primary, secondary, and tertiary alcohols into fluorides at temperatures as low
as —78°. (5, 9)

Sulfur tetrafluoride and aminofluorosulfuranes are comparable for the
preparation of geminal difluorides from aldehydes and ketones, except that the
former does not cause vinyl fluoride formation or cationic rearrangements. In
contrast to sulfur tetrafluoride, dialkylaminosulfur trifluorides selectively convert
hydroxy acids into fluorinated carboxylic acids, (61) and keto esters into
geminal difluoro esters. (75)

6.3. Phenyltrifluorosulfurane

Phenyltrifluorosulfurane ( C¢HsSFs3) is used for the conversion of carbonyl
compounds into geminal difluorides and carboxylic acids into trifluoromethyl
compounds. However, the reaction temperatures are usually at least 100°,
(137) although conversion of an aldehyde into a geminal difluoride at —25° has
been reported. (67)



6.4. Fluoroalkylamino Reagents (FAR)

These reagents are prepared by addition of secondary amines to
polyfluoroalkenes and perfluoroalkenes and are represented mainly by
2-chloro-1, 1,2-trifluoroethyldiethylamine (Yarovenko—Raksha reagent) (138)
and hexafluoroisopropyldiethylamine (Ishikawa reagent). (139) These «,

a -difluoroamines replace only hydroxy groups in alcohols and carboxylic
acids by fluorine but do not normally react with aldehydes and ketones. (131)
In this respect, they are superior to sulfur tetrafluoride since they react with
most alcohols at room temperature. They are also more selective than
aminofluorosulfuranes since they do not attack carbonyl groups. However,
aminofluorosulfuranes can be used for selective replacement of hydroxy
groups in hydroxy ketones as well. (50, 61, 95) The disadvantages of the « ,
a -difluoroamines compared with aminofluorosulfuranes are their lower
storage stability and the greater difficulty in isolating products. Whereas the
byproducts of fluorinations with aminofluorosulfuranes remain in the aqueous
phase during workup, the byproducts of fluorination with a , a
-difluoroamines (carboxamides) must be separated by distillation. Also, side
reactions are more frequent with a , a -difluoroamines than with
aminofluorosulfuranes, (110, 113, 131) although in some cases «

a -difluoroamines give higher yields than aminofluorosulfuranes. (31, 41)

ANNENNENEENEAD L1l . AN NN NENENNNEEEEE
9. OSCICTITUTTT Tetaluoriace ara wviorty DUcTtult cexdliuoriuc

These reagents convert carbonyl compounds into geminal difluorides in good
yields under very mild conditions. (140, 141) Like the aminofluorosulfuranes,
they have the advantage over sulfur tetrafluoride of not requiring pressure
equipment.diis therefore suprising that they are used so infrequently. Mixtures
of seleniurrm!raﬂuoride with anhydrous hydrogen fluoride are used for the
conversion of alcohols into monofluorides. (136)

6.6. Fluorophosphoranes

Fluorophosphoranes containing one to four fluorine atoms can replace
alcoholic hydroxyl by fluorine, but usually only at temperatures well above 150°.
A modified procedure, treatment of 2-tosyloxyoctane with
methyltributylfluorophosphorane at 25°, or of trimethylsilyloxyoctane with
phenyltetrafluorophosphorane at 80°, gives 2-fluorooctane in only 15 and 14%
yields, respectively. 2-Chloro-1,1,2-trifluoroethyldiethylamine and DAST
convert (+)-(S)-2-octanol into (-)-(R)-2-fluorooctane in 44 and 23% vyields,
respectively; the rest are octenes. (31)

6.7. Alkali and Tetraalkylammonium Fluorides

These salts displace the sulfonyloxy groups of alkyl p-toluenesulfonates,
methanesulfonates, and trifluoromethanesulfonates by fluorine in good yields.
(131) The reaction requires higher temperatures than does the fluorination of
the free alcohols with aminofluorosulfuranes. Ester formation and fluorination
can be carried out in one step. (142)



7. Experimental Conditions

Fluorinations with aminofluorosulfuranes require no special apparatus. They may be
carried out in glass equipment, which, however, may be superficially etched by the
reaction byproducts. Polyethylene or polytetrafluoroethylene reaction vessels are
therefore preferable.

Fluorinations with DAST and its analogs are most frequently carried out in
dichloromethane, chloroform, fluorotrichloromethane, carbon tetrachloride, hexane,
isooctane, benzene, toluene, ether, glyme, diglyme, or triglyme. It is essential that the
solvents be anhydrous. On a few occasions the reagent has served as the solvent.
Exclusion of atmospheric moisture is required, especially when the reactions are carried
out at low temperatures. Use of an inert atmosphere such as nitrogen or argon is
advisable.

Most fluorinations of alcohols are started at —78° and finished by allowing the mixtures to
warm to room temperature. Aldehydes and ketones are usually fluorinated between room
temperature and 80°. Higher temperatures cannot be used because DAST decomposes
above 85°. (143)
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The reaction times vary over a wide range. Some fluorinations, especially of alcohols, take

place almost instantaneously; others require days and even weeks. Most reactions are,
however, completed within hours.

Moisture-seng#ive products are isolated by distillation of the crude reaction mixtures. In
the majoritymses, the reaction mixture is decomposed by pouring it into water, over ice,
or into a solution of sodium bicarbonate. The treatment with ice is advisable, especially
when a large excess of DAST or its analogs is used, since the decomposition of the
unreacted reagent is very violent. Water hydrolyzes fluorine-containing byproducts to
water-soluble acidic compounds. Neutralization of the reaction mixture, usually with
sodium bicarbonate, is therefore necessary. After washing of the crude product or its
solution with water, the product is isolated and purified by standard procedures.

Dimethylaminosulfur trifluoride, DAST, and TASF are commercially available from Aldrich
Chemical Company and Alfa Products, Inc.; DAST is also available from Pfalz and Bauer
Research Chemicals. They can be used without purification. If it is necessary to distill
DAST, it should be kept in mind that a violent and even explosive decomposition may take
place at temperatures above 50°. Consequently, pressures of 10 mm or less are required
to ensure safe distillation. It is recommended that the distillation of DAST and its analogs
be carried out behind a shield and in a closed hood.



8. Experimental Procedures

8.1. Preparation of Reagents

8.1.1.1. Diethylaminotrimethylsilane (C,Hs)2NSi(CH3)s (3)
Trimethylchlorosilane (54 g. 0.5 mol) was added dropwise to 80 g (1.1 mol) of
neat diethylamine at room temperature. (3) Separation of the salt by suction
filtration and distillation of the filtrate afforded 75.6 g (70%) of
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diethylaminotrimethylsilane, bp 126.1-126.4° (750 mm), "5 1.4112. (144)

8.1.1.2. Dialkylaminotrimethylsilanes (145)

A secondary amine (0.1 mol) was added dropwise to 0.1 mol of
ethylmagnesium bromide in 100 mL of ether. The solution was allowed to
stand for 1 hour at room temperature and then added during 30 minutes to a
vigorously stirred mixture of 10.8 g (0.1 mol) of trimethylchlorosilane in 50 mL
of ether. The reaction mixture was heated under reflux for 2 hours and allowed
to stand for 15 hours at room temperature. The magnesium halides were
removed by suction filtration, and the dialkylaminotrimethylsilanes were
obtained by distillation. All operations were carried out under nitrogen or argon.

Yields an h’\ililr;jein' 1S (pressure in mil rrpfnrq) f the prodiicts were as
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(CsH7)2N, 75%, 67.0° (26); C4HgN, 55%, 141-142° (760); CsHioN, 63%, 162°
(760); OC4HsN, 38%, 57—60° (20). (145)

8.1.1.3. Dimethylaminosulfur Trifluoride (5, 9)

A solution 0 g (0.34 mol) of dimethylaminotrimethylsilane in 50 mL of
fluorotrichl ethane was added dropwise to a solution of 20 mL (0.36 mol,
measured at —78°) of sulfur tetrafluoride in 100 mL of fluorotrichloromethane at
—65° to —60°. The reaction mixture was warmed to room temperature and
distilled to give 37 g (82%) of dimethylaminosulfur trifluoride as a pale yellow
liquid, bp 49-49.5° (33 mm), mp-79°.

8.1.1.4. Diethylaminosulfur Trifluoride (DAST)

A detailed procedure is published in Organic Syntheses. (12) This compound
decomposes violently at temperatures above 50°. (143, 146, 147) In this
procedure, DAST containing *®F is obtained by treatment of DAST with H'®F.
(85, 148)

8.1.1.5. Piperidinosulfur Trifluoride

8.1.1.5.1. From N-Piperidyltrimethylsilane (3, 10)

A stainless-steel autoclave fitted with a magnetic stirrer was charged with 24 g
(0.153 mol) of N-piperidyltrimethylsilane and was cooled in liquid nitrogen.
Commercial (90—-96%) sulfur tetrafluoride (27 g, 0.25 mol) was slowly
condensed in the autoclave (with rapid condensation an exothermic reaction



set in). After slow warming, the contents of the autoclave were magnetically
stirred at room temperature for 10 hours. The unreacted sulfur tetrafluoride
and trimethylfluorosilane were removed at 10 mm, and the residue was
distilled at 43° (0.1 mm) to give piperidinosulfur trifluoride in 60% yield.

Caution: Piperidinosulfur trifluoride decomposes violently at 138°.

8.1.1.5.2. From N-p-Toluenesulfinylpiperidine (16, 149)

A solution of 13.6 g (0.16 mol) of piperidine in 100 mL of anhydrous ether was
added with stirring to a solution of 11.3 g (0.08 mol) of p-toluenesulfinyl
chloride in 100 mL of anhydrous ether at —40°. After 1 hour, water was added
to dissolve the salt, and the ether layer was separated, dried, and evaporated
to dryness. The residue, 10.4 g (72% yield), mp 45-52°, was recrystallized
from light petroleum to give N-p-toluenesulfinylpiperidine, mp 59-60°. A steel
autoclave was charged with 22.3 g (0.1 mol) of N-p-toluenesulfinylpiperidine,
cooled in a dry ice—acetone bath evacuated, and 16.2 g (0.15 mol) of sulfur
tetrafluoride was condensed in it. The mixture was allowed to stand at 25° for
12 hours and then was fractionated to give p-toluenesulfinyl fluoride, bp
48-49° (0.5 mm), and 11.2 g (65%) of piperidinosulfur trifluoride, bp 76°

(12 mm).

Dimethylaminotrimethylsilane (29.3 g, 0.25 mol) was added dropwise to a
solution of 33.2 g (0.25 mol) of dimethylaminosulfur trifluoride in 100 mL of
fluorotrichloromethane cooled to —78°. The reaction mixture was warmed to
25° and filtered under nitrogen to remove a small amount of a solid. The filtrate
was evapod to dryness under reduced pressure to give 23.5 g (60%) of
bis(dimethylamino)sulfur difluoride as a white crystalline solid, mp 64-65°.

8.1.1.7. Diethylaminodimethylaminosulfur Difluoride (6)
Dimethylaminotrimethylsilane (11.7 g, 0.1 mol) was added dropwise to a
solution of 16.1 g (0.1 mol) of diethylaminosulfur trifluoride in 50 mL of
fluorotrichloromethane at 25°. The mixture was stirred for 1 hour, after which
time two liquid phases were formed. The solvent and fluorotrimethylsilane
were removed by distillation at 25° (0.5 mm) to leave 11.1 g (92%) of
diethylaminodimethylaminosulfur difluoride as a light yellow liquid.

8.1.1.8. Bis(piperidino)sulfur Difluoride from the Dipiperidide of Sulfurous Acid
(16, 150)

With the exclusion of air, a solution of 5.3 g (0.045 mol) of thionyl chloride in
25 mL of dry petroleum ether was added dropwise with cooling to a solution of
15 g (0.18 mol) of piperidine in 100 mL of dry petroleum ether (bp <50°). The
reaction mixture was filtered rapidly with suction, the salt was washed with
petroleum ether, and the filtrate was evaporated on a water bath. The residue
crystallized after cooling in a desiccator over phosphorus pentoxide. The



crystals were spread over a porous plate and then recrystallized from dry ether
to give the dipiperidide of sulfurous acid, mp 46°.

Piperidinosulfur trifluoride (8.65 g, 0.05 mol) was added dropwise to a stirred
solution of 10.8 g (0.05 mol) of the dipiperidide of sulfurous acid in 30 mL of
benzene. The mixture was heated at 25° for 4 hours and at 60° for 30 minutes.
The solvents and piperidinosulfinyl fluoride were distilled into a receiver cooled
with liquid nitrogen. The residue (11.9 g, 97%) was bis(piperidino)sulfur
difluoride, mp 104-105°.

8.1.1.9. Tris(dimethylamino)sulfonium Difluorotrimethylsilicate (TASF) (19)
A detailed procedure is described in Organic Syntheses. (18)

8.1.1.10. Tris(pyrrolidino)sulfonium Difluorotrimethylsilicate (7)
N-Pyrrolidyltrimethylsilane (47.3 g, 0.33 mol) was added dropwise to a solution
of 5.5 mL (0.1 mol) of sulfur tetrafluoride in 100 mL of ether cooled to —78°.
The reaction mixture was slowly warmed to room temperature and then stirred
for 16 hours. The solid was collected under nitrogen and dried in a vacuum
desiccator over P,Os to give 29.8 g (75%) of tris(pyrrolidino)sulfonium
difluorotrimethylsilicate, mp 54-57°.
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8.2.1.1. 1-Fluorooctane (9)
A solution of 13.0 g (0.1 mol) of 1-octanol in 25 mL of dichloromethane was
added dropwise to a solution of 16.1 g (0.1 mol) of diethylaminosulfur
trifluoride in 60 mL of dichloromethane cooled to —70° to —65°. The reaction
mixture Wagarmed to 25°, 50 mL of water was added, and the lower organic

layer was s€parated and dried with anhydrous magnesium sulfate and distilled
to give 12.0 g (90%) of 1-fluorooctane as a colorless liquid, bp 42—43° (20 mm).
F NMR ( CCI5F ): 218.8 ppm (tt, J = 49/25 Hz).

8.2.1.2. 1-Bromo-2-fluoroethane (5)

Ethylene bromohydrin (31.3 g, 0.25 mol) was added dropwise to a solution of
33 g (0.25 mol) of dimethylaminosulfur trifluoride in 150 mL of diglyme cooled
to —50°. The reaction mixture was warmed to room temperature, and 50 mL of
the most volatile portion was removed by distillation at reduced pressure. The
distillate was diluted with water, and the organic layer was separated, washed
with a 5% solution of sodium bicarbonate, dried with anhydrous magnesium
sulfate, and redistilled to give 22.2 g (70%) of 1-bromo-2-fluoroethane as a
colorless liquid, bp 71-72°.

8.2.1.3. a -Fluorobenzeneacetic Acid (61)

A solution of 1.4 g (9.2 mmol) of mandelic acid ( a-hydroxybenzeneacetic acid)
in 3 mL of dichloromethane was slowly added to a stirred solution of 3.0 g

(29 mmol, 2 equiv) of diethylaminosulfur trifluoride in 6 mL of dichloromethane



contained in a polyethylene bottle under nitrogen at —78°. After the addition
had been completed, the solution was allowed to warm to room temperature.
The reaction mixture was stirred for several hours with 50 mL of cold water,
and the organic layer was washed with two 10-mL portions of water, dried with
anhydrous magnesium sulfate, and evaporated under reduced pressure. From
the remaining yellow oil an off-white solid was sublimed at room temperature
at 0.1 mm. Recrystallization from 95% ethanol gave 0.98 g (68%) of a
-fluorobenzeneacetic acid, mp 74-76°.

8.2.1.4.9 a -Chloro-11 3 -fluoro-17,21-dihydroxy-16 3
-methyl-1,4-pregnadiene-3,20-dione Dipropionate (30)

Piperidinosulfur trifluoride (0.3 mL, 0.39 g, 2.4 mmol) was added dropwise at
—40° to a solution of 0.53 g (1 mmol) of 9 a -chloro-11 3 ,17,21-trihydroxy-16 3
-methyl-1,4-pregnadiene-3,20-dione 17,21-dipropionate in 25 mL of
dichloromethane (freshly filtered through basic aluminum oxide). After 2.5
hours at —40°, 1.2 mL of water was added, and the mixture was warmed to
room temperature and neutralized with a solution of sodium bicarbonate. The
agueous phase was extracted with dichloromethane, and the extracts were
washed with water, dried, and evaporated under reduced pressure.
Chromatography of the residue over 15 g of silica gel and elution with
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mp 160-162° (diethyl ether—diisopropy! ether), a p + 82°; high-resolution mass
spectrum m/z 523 (M* + H), 503 (M* — F), 487 (M" — ClI), 486 (M" — HCI).

8.2.1.5. Methyl 3,6-Dideoxy-3,6-difluoro- 8 -D-allopyranoside (43)
Diethylamirjoqulfur trifluoride (7.5 mL, 9.7 g, 60 mmol) was added to a
suspension of 1.94 g (10 mmol) of methyl 8 -D-glucopyranoside in 40 mL of
anhydrous dichloromethane at —40° under nitrogen. The cooling bath was
removed, and the mixture was stirred overnight at room temperature, cooled to
—20°, quenched by addition of 40 mL of methanol, and concentrated under
reduced pressure. Chromatography on silica gel and elution with hexane:ethyl
acetate (1:4) afforded 1.01 g (51%) of methyl 3,6-dideoxy-3,6-difluoro- 3
-D-allopyranoside, mp 129-130°; [ a ]o — 47.0° (¢ = 1.03, C,HsOH ). **F NMR
(*H decoupled): 217.6 ppm (s, F-3); 234.6 ppm (s, F-6).

8.3. Conversion of Carbonyl Compounds into Geminal Difluorides or
Vinyl Fluorides

8.3.1.1. 1,1-Difluoro-3-methylbutane (5)

Isovaleraldehyde (1.72 g, 0.02 mol) was slowly added to a solution of 2.5 mL
(3.2 g, 0.02 mol) of diethylaminosulfur trifluoride in 10 mL of
fluorotrichloromethane at 25°. The reaction mixture was stirred for 30 minutes,
and mixed with 25 mL of water; the lower organic layer was separated,
washed with water, dried with anhydrous magnesium sulfate, and distilled to



give 1.73 g (80%) of 1,1-difluoro-3-methylbutane as a colorless liquid of
unspecified boiling point. Anal: Calcd. for CsHioF2: F, 35.1%. Found: F, 35.1%.

8.3.1.2. 1-Cyclohexyl-1,1,2-trifluoroethane (151)

A solution of 2.5 g (17 mmol) of cyclohexyl fluoromethyl ketone in 10 mL of
anhydrous benzene was added, under nitrogen and with stirring, to 3.1 mL
(4.0 g, 26 mmol) of DAST. The mixture was stirred for 17 hours at 50°. After
the mixture had been cooled to 0°, 10 mL of water was slowly added, causing
an exothermic reaction. The mixture was washed with a solution of sodium
bicarbonate until neutral. The aqueous phase was extracted with ether, the
organic solution was dried and evaporated at reduced pressure, and the
residue was bulb-to-bulb distilled to give 2.4 g (86%) of
1-cyclohexyl-1,1,2-trifluoroethane, bp 149°. **F NMR ( CDCls): 115 ppm
(quintet, 2F; Jrr = 14.8 Hz, Jue = 12.7 Hz); 235.5 ppm (ttm, 1F; Jur = 46 Hz).

8.3.1.3. 3,3-Difluoro-1,3-dihydro-1-methyl-2H-indol-2-one (75)

A mixture of 8.06 g (0.05 mol) of 1-methylisatin and 12.6 mL (1.61 g, 0.1 mol)
of diethylaminosulfur trifluoride was warmed gently to 60° and held at that
temperature for 15 minutes, during which time the solid dissolved. An
exothermic reaction required cooling to maintain the temperature at 60°. The

reaction mixture was (‘nn!Ed and pnnrpd aver ice and the solid that formed

from heptane to give 8.70 g (95%) of
3,3-difluoro-1,3-dihydro-1-methyl-2H-indol-2-one as yellow crystals, mp
90-92°. >F NMR ( CDCls): 112.8 ppm (m).

8.3.1.4. 4—ro—3—cyclohexenyl Benzoate (Conversion of a Ketone into a
Vinyl Fluorid€) (37)

In a Teflon® bottle, 4 g (0.018 mol) of 4-ketocyclohexyl benzoate was
dissolved in 25 mL of glyme. With magnetic stirring, 0.5 g of 20% fuming
sulfuric acid was added under nitrogen, the mixture was stirred for 5 minutes,
and 5.6 g (0.035 mol) of diethylaminosulfur trifluoride was added. Stirring was
continued at room temperature for 48 hours. The reaction mixture was then
poured into aqueous sodium bicarbonate. The product was extracted with
dichloromethane, and the extract was washed with water and brine, dried with
anhydrous magnesium sulfate, filtered, and evaporated under vacuum to yield
5.2 g of a yellow oil. Fractionation in a spinning band column at 76° (1 mm)
gave 2.4 g of a partly crystalline mixture containing 2 g (49%) of
4-fluoro-3-cyclohexenyl benzoate and 0.4 g (10%) of 4,4-difluorocyclohexyl
benzoate. *°F NMR: = CF 102.33 ppm; CF, 93.32, 95.84, 100.28, and
102.94 ppm.

8.4. Conversion of Carboxylic Acids into Acyl Fluorides
8.4.1.1. Benzoyl Fluoride (8)



A solution of 0.01 mol of dimethylamino-, diethylamino-, piperidino-, or
morpholinosulfur trifluoride in 10 mL of ether was added dropwise with stirring
to a solution of 1.22 g (0.01 mol) of benzoic acid in 30 mL of ether cooled in an
ice bath. The mixture was stirred at 20° for 15 minutes, the ether was removed
by distillation, and the residue was distilled to give 10.5 g (85%) of benzoyl

fluoride, bp 43—44° (12 mm), n'1.4960.

8.5. Conversion of Halides and Sulfonates into Fluorides

8.5.1.1. Ethyl Fluoroformate (39)

Diethylamino-, piperidino-, or morpholinosulfur trifluoride (0.02 mol) was added
dropwise to 2.17 g (0.02 mol) of stirred and cooled ethyl chloroformate. The
mixture was stirred for 15-20 minutes at 20° and then at 60° until the gas
evolution stopped (about 30 minutes). After cooling to 20° the reaction mixture
was fractionated to give 0.94 g (51%) of ethyl fluoroformate, bp 56-57°

(755 mm), " 1.3370.

8.5.1.2. Allyl Fluoride (7)
Allyl bromide (4.4 mL, 6.1 g, 0.05 mol) was added to a stirred solution of 7.1 g

(O 2 mal) of Triq(p\/rm 'dinn)qnlfnnium difluorotrimethvisilicate in 5 ml_of
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hours. The liquid portion was distilled off into a dry ice or liquid nitrogen trap
under reduced pressure to give a solid residue, which, after recrystallization
from acetone—ether, afforded 5.0 g (78%) of tris(pyrrolidino)sulfonium bromide
as colorless crystals, mp 85-88°. The distillate was fractionated through a
Iow—temperre microcolumn to give 1.0 g (83%) of allyl fluoride as a colorless
liquid, bp =3 to 0°. *°F NMR ( CCIsF ): 216.7 ppm (td, J = 47/14 Hz).

8.5.1.3. 1-Deoxy-1-fluoro-2,3:4,5-di-O-isopropylidene-D-fructopyranose (80)
Tris(dimethylamino)sulfonium difluorotrimethylsilicate (16.5 g, 0.06 mol) was
transferred in a dry box into a flask capped with a rubber septum. A solution of
21.56 g (0.055 mol) of
2,3:4,5-di-O-isopropylidene-1-trifluoromethanesulfonyloxy-D-fructopyranose in
50 mL of anhydrous tetrahydrofuran was added by means of a syringe. The
septum was replaced by a reflux condenser and the mixture was heated under
reflux overnight under nitrogen. It was then poured into water and the mixture
extracted with ether. The ether extract was dried and concentrated under
reduced pressure, and the residue was chromatographed on silica gel. Elution
with a mixture of hexane:ethyl acetate (2:1) afforded
1-deoxy-1-fluoro-2,3:4,5-di-O-isopropylidene-D-fructopyranose as a colorless
syrup that on Kugelrohr distillation gave 11.58 g (80%) of the pure product, bp
85-95° (0.1 mm); [ a ], — 19.2° (¢ = 0.63, CHCls). *°F NMR (acetone-d):
230.1 ppm (t, Jur = 48 Hz).
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8.6. Miscellaneous Fluorinations

8.6.1.1. 1-Fluorohexadecyl 4-Methoxyphenyl Sulfide (Conversion of a
Sulfoxide into an a -Fluoroalkyl Sulfide) (40)

To a stirred solution of 3.80 g (10 mmol) of 1-hexadecyl 4-methoxyphenyl
sulfoxide and 0.096 g (0.3 mmol) of zinc iodide in 20 mL of chloroform was
added 3.22 g (20 mmol) of diethylaminosulfur trifluoride under nitrogen, and
the dark mixture was stirred at room temperature for 16 hours. Treatment of
the reaction mixture with an ice-cold solution of sodium bicarbonate gave
3.58 g (94%) of 1-fluorohexadecyl 4-methoxyphenyl sulfide as a pale yellow
solid, mp 40-42°. H NMR ( CHCIy): 5.54 ppm (dt, Jur = 54.6 Hz,

Jun = 6.5 HZ).

8.6.1.2. 4-O-(B
-2',6"-Dideoxy-3"-O-methyl-4-O-dimethyl-tert-butylsilylglucopyranosyl)-2,6-dide
oxy-3-O-methyl- a -D-glucopyranosyl Fluoride (Conversion of a Hemithioacetal
into an a -Fluoroether) (81)

To a solution of 56 mg (0.11 mmol) of 4-0-( B
-2',6'-dideoxy-3'-methyl-4'-dimethyl-tert-butylsilylglucopyranosyl)-2,6-dideoxy-
3-methyl- a-phenylthioglucopyranoside in 20 mL of dichloromethane at —15°
was added 0.02 mL (0.16 mmol) of diethylaminosulfur trifluoride, followed by
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solution and extracted with three 10-mL portions of ether. The ether extracts
were washed with 5 mL of brine and dried with anhydrous magnesium sulfate.
Evaporation of the solvent, followed by flash column chromatography on silica
using mixt of ether—petroleum ether, furnished 40 mg (85%) of a 5:1 (o :
B ) anom mixture of 4-O-( (3-2',6'-dideoxy-3"-O-methyl-4'-O-dimethyl-tert
—butylsilylglucopyr anosyl)-2,6-dideoxy-3-O-methyl- o -D-glucopyranosyl
fluorides, Rg 0.24 (ether:petroleum ether 3:7). High-resolution mass spectrum
m/z calculated for C1gH39FOgSi: 398.6018. Found: 398.6020.



9. Tabular Survey

Fluorinations with DAST and other aminofluorosulfuranes are listed by
substrate type in Tables I-XI. Reactions in which these reagents cause
dehydration rather than fluorination are in Table XIl. The computer search of
Chemical Abstracts and Science Citation Index covers the literature to the end
of 1984, and some later papers have also been included. About 50 compounds
reported in patents without indication of experimental conditions and yields are
not included in the tables.

The reactants are arranged in order of increasing number of carbons and
further according to the number of hydrogens and next elements in the
molecules. However, slight deviations occur when similar derivatives
containing the same number of carbon atoms are compiled into general
schemes. The listing of molar equivalents of DAST and other fluorinating
reagents is not systematic. Where nothing is mentioned, either 1 or
approximately 1 equivalent per mole was used, or the amounts were not
explicitly listed in the papers. If no mention is made of a solvent, the reagents
were used neat. A dash (—) means that yields were not reported. Where a

T TR P TP PO T PY T PP PY 9P TS | |
producing the highest yields are given and the reference to that paper is listed
first.

The following abbreviations are used in the tables:

ACD acetyl

ax axial

CaHsgN pyrrolidyl

CsHqoN piperidyl

DAST diethylaminosulfur trifluoride
diglyme diethylene glycol dimethyl ether

eq equatorial

equiv. equivalent

ether diethyl ether

glyme 1,2-dimethoxyethane
NBS N-bromosuccinimide

OC4HgN  morpholinyl

TASF tris(dimethylamino)sulfonium
difluorotrimethylsilicate

THF tetrahydrofuran



triglyme triethylene glycol dimethyl ether

AcO?, asterisks used to distinguish AcO groups at
AcO** different carbons

Table I. Alcohols

View PDF

Table Il. Aldehydes

g Table lll. Ketones

View PDF

Table IV. Epoxides (Oxiranes)

View PDF

Table V. Carboxylic and Other Acids

View PDF



Table VI. Lactones

View PDF

Table VII. Halides and Sulfonates

View PDF
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Table IX. Hemithioacetals

View PDF

Table X. Alkyl Silyl Ethers

View PDF

Table XI. Phosphorus Compounds
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Table XIl. Non-Fluorinating Reactions (Dehydrations)

View PDF
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The Beckmann Reactions: Rearrangements,
Elimination—-Additions, Fragmentations, and

Rearrangement—Cyclizations

Robert E. Gawley, University of Miami, Coral Gables, Florida

1. Introduction

The Beckmann rearrangement, the acid-mediated isomerization of oximes to
amides (Eqg. 1), was discovered by Beckmann in 1886. (1) As one of the oldest
and most familiar transformations in organic chemistry, it has been reviewed
several times. (2-10) What has become known as the Beckmann
fragmentation (Eq. 2) was in fact first observed by Wallach in 1889 (11) but
was not developed extensively until the 1960s. It has been referred to by
several names over the years and has also been reviewed. (5, 12) The
rearrangement cyclization (Eqg. 3) is the intramolecular cyclization of a nitrilium
ion generated by Beckmann rearrangement from an oxime. Within the context
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1895. (13) Wallach reported the first case of an aliphatic terminator in 1901,
(14) although the reported structure was incorrect, and Perkin was apparently
the first to observe a heteroatom terminator, but he also reported an incorrect
structure. (15) The process has been exploited only quite recently. This
chapter is pdate of these reactions, last reviewed in this series in 1960. (5)
Not covereﬂe transformations that have been labeled Beckmann-type
reactions but are mechanistically unrelated. The most prominent of these is the
so-called photochemical Beckmann rearrangement, first observed by De Mayo
in 1963 (16) and discussed in a review several years ago. (17) Worthy of
mention, however, is the fact that many oximes that suffer fragmentation under
acidic conditions undergo rearrangement when photolyzed.

OH

-

N
NHCOCH, (1)
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Throughout this review, the (E) and (Z) nomenclature is used to describe
oxime geometry. (18)




2. Mechanism

Scheme 1 illustrates a mechanistic sequence by which the three reactions proceed under
most sets of conditions. Key to the stereospecificity of the sequence is the site of attack of
the acid, A". Attack at nitrogen leads to 1, which may then isomerize to 2 or rearrange to 3.
The interconversion of 1 and 2 is responsible for instances of nonstereospecificity in the
Beckmann rearrangement. Some reagents esterify the oxime and thus form species 3
directly, thereby avoiding the possibility of nonstereospecificity. Nitrogen—oxygen bond
cleavage may occur with simultaneous migration or cleavage of the group anti to the
oxygen to afford either rearrangement or fragmentation products. Moreover, these
products may interconvert in certain instances. The initial rearrangement product has
been shown to be an imidate of the type 4 in some instances and a free nitrilium ion in
others. The imidate may undergo a Chapman rearrangement (19) to an N-substituted
amide that hydrolyzes on workup, or the imidate itself may be hydrolyzed. The
fragmentation process may proceed in a stepwise process, as shown, or there may be a
stereospecific elimination from 3 to an alkene and a nitrile. When there is a nucleophile in
one of the substituents of the oxime, the possibility of ring closure arises. Two modes are
possible: when the nucleophile is anti to the oxime hydroxyl (i.e., in RY), the cyclization is
endo, and a heterocycle is formed; when the nucleophile is syn to the oxime hydroxyl (i.e.,
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hydrolyzes to the corresponding ketone on workup. The path taken by a specific molecule
depends on the structure and the conditions employed.
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2.1. Rates



Data from two different studies of the sulfuric acid mediated rearrangement of
a series of meta- and para- substituted acetophenone oximes have shown that
the rates provide a better correlation with o than with ¢ *, indicating the
absence of a resonance-stabilized positive charge in the transition state.
(20-22) Moreover, the reaction constants are small: —1.5 (20) and -1.9, (21, 22)
indicating minor substituent effects. In another study, the rate of
rearrangement of 2,4,6-trimethylacetophenone oxime was shown to be 3000
times faster than that of p-methylacetophenone oxime. (23) The reactive
species is the oxime O-sulfonic acid, which is formed in a pre-equilibrium from
the oxime protonated on nitrogen; (23, 24) both species, as well as a
postulated N-aryl nitrilium ion, can be observed by NMR spectroscopy. In
contrast, the reactive species in the perchloric acid mediated rearrangement is
thought to be the protonated oxime. (23)

A rationale for these observations is that the reaction is accelerated when the
C = N bond is orthogonal to the benzene ring. Thus when the C = N and
aromatic groups are coplanar, a concerted 1,2-sigmatropic rearrangement
occurs, and resonance stabilization of the developing positive charge is not
possible. When the C = N and aromatic groups are forced out of coplanarity
by the ortho methyl groups, participation assists the N — O cleavage,
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Coplanar:
X NOSO,H
_OSO;H |}
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Orthogonal:
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In aliphatic ketoximes, the structure and solvent may play a role in the
mechanism. For example, the relative rates of rearrangement of a series of
cycloalkanone oximes in acetic acid and chloroform are consistent with
variable transition state geometries (i.e., position of the transition state along



the reaction coordinate) and varying degrees of neighboring group
participation between different ring sizes. (25) The same authors note the
effect of catalytic amounts of acid on the rearrangement of cyclopentanone
oxime tosylate. The addition of 11 mol % of perchloric acid to the substrate in
acetic acid retards the rate by about 20%. In contrast, the addition of
trifluoroacetic acid to the same tosylate in chloroform affords a threefold rate
acceleration. Thus the site of protonation is solvent dependent: perchloric acid
in acetic acid protonates the oxime tosylate on nitrogen, whereas
trifluoroacetic acid in chloroform protonates on oxygen.

2.2. Intermediates

Whether an imidate (e.g., 4, Scheme 1) is involved also appears to depend on
the system and solvent. In studies of the Ritter reaction, (26) it was suggested
that free nitrilium ions are favored over imidates in sulfuric acid concentrations
above 93%. (27) When *®0-enriched sulfuric acid is used in the rearrangement
of acetophenone oxime, the acetanilide produced contains the same isotopic
enrichment as the solvent, whereas neither the acetophenone oxime nor the
acetanilide incorporates labeled oxygen under the reaction conditions, thus
corroborating the intermediacy of a free nitrilium ion. (20) Free nitrilium ions
have even been isolated: treatment of the N-chloroimines of either
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and N-tert-butylbenzonitrile in 90 and 80% yields, respectively. (28)

The sulfur trioxide mediated rearrangement of cyclohexanone oxime proceeds
through th ime sulfonic acid, which has been isolated and characterized.
(29) Whenem compound is heated in petroleum to 65°, it rearranges to
caprolactam-N-sulfonic acid, and the authors postulate the intermediacy of an
imidate, which undergoes a Chapman rearrangement. (19)
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When 2-arylcyclohexanone oxime tosylates are solvolyzed in pyridine, a
species thought to be pyridinium tosylate 5 is observed by NMR. The authors
suggest that rearrangement of the tosylate to its imidate isomer is the
rate-determining step. (30)
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When (E,E)-benzylidenecyclohexanone oxime is treated with

p-toluene-sulfonyl chloride in pyridine, pyridinium tosylate 6 can be isolated as
a crystalline solid. (31) When cyclohexanone oxime tosylate is treated with any
of several mild Lewis acids (e.g., silica gel or alumina) in carbon tetrachloride,
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From studies of the solvolysis of several oxime tosylates in 80% ethanol, Grob
has asserted that the rate-determining step in this medium is the isomerization
of oxime tosylate 8 to an O-tosyl imidate 9 followed by a fast dissociation to a
nitrilium—tosylate ion pair 10. (28) In contrast, Fischer contends that the slow
step is direct conversion of the oxime derivative 8 to the nitrilium ion 10, which
may then combine to an imidate, fragment, and so on. (33) In a series of
rearrangements of oxime picrates, various components of the system were
enriched with 20, but the data obtained can be explained by either sequence
of steps. (34)
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3. Stereochemistry

3.1. Rearrangement

In general, the Beckmann rearrangement of ketoximes is stereospecific,
involving migration of the group anti to the leaving group on nitrogen. This
route is operative for aryl-alkyl ketoximes in the gas phase under conditions of
chemical ionization mass spectrometry. (35, 36) A similar tendency for anti
migration occurs for both (E)- and (Z)-aldoximes in the gas phase; (36) but in
solution, rearrangement of aldoximes almost always gives primary amides as
opposed to N-alkylformamides, independent of the oxime geometry. Specific

exceptions to these generalizations are discussed later.

The reaction of a ketone with a derivative of hydroxylamine, such as
hydroxylamine O-sulfonic acid, may proceed via rearrangement of the initially
formed carbinolamine derivative without dehydration to the oxime. In this case,

migratory aptitude determines the product structure. (37, 38)
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The generalized “nonstereospecific” pathway illustrated in Scheme 1 can be
documented very well by the rearrangement of 2-pentanone oxime tosylates in
a variety of media. (39) Thus, in the presence of a protic acid, both the
thermodynamic mixture of geometric isomers and the pure Z isomer rearrange
via the E isomer only. In contrast, the Z isomer rearranges stereospecifically

on treatment with alumina.

NOTs
. ~_-NHCOCH, _~__CONHCH,
73% E or 100% Z s 100 0
100% Z o Al 0 100

Oxime derivatives of cyclohexenones are often difficult to rearrange



stereo-specifically. This trend has been particularly well documented in the
steroid series. For example, the only product isolated from the rearrangement
of oximes 11-15, in the geometric configuration indicated, results from
migration of the methylene carbon. Particularly convincing examples are 14,
which is 50% E, and 15, which is 100% E, but that rearrange only from their Z
configurations.
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12 (100% H CgHi;7 H  SOClIy, ether (20%)
Z) (41)
12D p-CH3CONHCgH4SO,ClI (11%)
(42)
13 (33% Z) Ts OH H HCI, CH;OH (85%)
(40)
14 (50% Z) H OH CHs SOCIy, dioxane (97%)
(43)
15 (100% H O,CCH3; CHz", " (59%)
E) (43)

The Z isomer of 16 rearranges readily to 17 in 73% yield, but the E isomer is
unreactive under similar conditions. (44)
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Nonsteroidal cyclohexenone oximes exhibit similar properties. Polyphosphoric
acid (PPA) rearranges the (Z)-oxime of isophorone to lactam 18 in low yield,
whereas the (E)-oxime is converted to isomeric lactam 19 in good yield under
the same conditions. (45) A number of similarly substituted cyclohexenone
oximes rearrange (presumably stereospecifically) to mixtures of lactams on
treatment with polyphosphoric acid. (46) A mixture of isophorone oxime
O-mesityl sulfonate geometric isomers, when treated with alumina in methanol,
affords a mixture of lactam 18 (50%) and the unreacted (E)-oxime mesityl
sulfonate isomer (28%), verifying the reluctance of the vinyl group to migrate
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As mentioned above, (E,E)-benzylidenecyclohexanone oxime rearranges
when treated with p-toluenesulfonyl chloride in pyridine to the pyridinium salt 6,
dilute hydrolysis of which affords lactam 20. (31)
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The conclusion, then, is that there is considerable strain in the transition state
involving vinyl group migration within the constraints of certain six-membered
ring systems. It has been suggested that the rearrangement of acyclic enone
oximes proceeds via an azirene intermediate, which would impart considerable
strain in a five- or six-membered ring. (48, 49)

Examples of stereospecific rearrangements of aldoximes are summarized in
the “Scope and Limitations” section of this chapter.

3.2. Fragmentations

Whether a given ketoxime fragments or rearranges depends quite heavily on
the stability of the carbonium ion formed as a result of the fragmentation.
Fragmentation is to be expected as the major course of reaction when a
particularly stable ion is so formed. Thus an oxime whose hydroxyl is anti to a
quaternary carbon, for example, can be expected to fragment unless carefully
controlled conditions are utilized to encourage rearrangement. For example,
triterpene oxime 21 fragments to nitrile 23 in 84—-90% yield when heated with
p-toluenesulfonyl chloride in pyridine. When 21 is treated with either the same
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Rearrangements of similar substrates demonstrate that the bond cleavages
operate under the rules of stereoelectronic control. Specifically, oxime 24,
isotopically labeled at one of the 4-methyl positions, rearranges to
O-tosyllactim 25 and then fragments stereospecifically to give alkenyl nitrile 26
in which the label is found on the olefinic carbon. (51, 52) When the
5,6-dehydro derivative, 27, of the same oxime is fragmented, the alkenyl nitrile
contains the label in the methyl group. (53) The rationale for these
observations is that in both compounds, a proton from the pseudoequatorial
methyl group is lost from the O-tosylcaprolactim intermediate.
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Another example is provided by oxime 29, in which the C-5 proton is equatorial
and, therefore, antiperiplanar to the fragmenting C — C bond. (54)

CﬁHsCHzG




From studies of a series of rigid caged ketone oximes, Grob has concluded
that degree of deviation from optimum bond angles is a useful measure of
fragmentation aptitude. (55)

As should be expected, the presence of cation-stabilizing heteroatoms
influences the degree of fragmentation. But again, oxime stereochemistry is
important. For example, the rate constant for fragmentation of the Z isomer of
oxime benzoate 30 in 80% ethanol at 70° is 1800 times larger than the rate
constant for the E isomer. (56) Rate studies on a series of related compounds
indicate that the energy of activation is roughly 5 kcal/mol greater when the
amino substituent is syn to the leaving group (Z isomer).

NO,CC¢H,

CISH!
N — C4HCN + CH,=N* )

9

Monooximes of 1,2-diketones usually fragment via nucleophilic attack on the
carbonyl carbon to give a tetrahedral intermediate such as 31. (57) When the
carbonyl carbon is sterically hindered as in 32, fragmentation occurs via

acylium ionﬂ. (58)
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3.3. Rearrangement—Cyclization

The rearrangement—cyclization has been shown to be stereospecific. Because
it involves the intramolecular capture of the nitrilium ion or imidate species,
whether th clization proceeds via the endo or exo modes (see Scheme 1) is
entirely degerdent on oxime geometry.



4. Scope and Limitations

4.1. Rearrangements

This section deals with Beckmann rearrangements that are rearrangements in

the strictest terms: the functional group formula is not changed. Thus —
C( = NOH) — or aderivative is converted into— C( = O)NH — . The

following section (“Elimination—Additions”) deals with reactions in which the

course of the conversion is intercepted along its path and that, therefore, are

not rearrangements in the same sense.

4.1.1.1. Ketoximes
Table | lists a large number of examples of the Beckmann rearrangement,

most of which are relatively routine conversions. Most conditions utilized in
these reactions are compatible with functional groups such as carboxylic acids,

esters, alcohols, ethers, and alkyl halides but may not be compatible with

some of the more sensitive protecting groups. Because there are few general

methods available for the controlled manipulation of oxime geometry,
Beckmann rearrangements have not seen extensive use in complex total
syntheses even though the rearrangement is stereospecific. This section
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rearrangement and some of the molecules that have been subjected to these

rearrangements.

4.1.1.2.1. Reagents

Phosphoruﬁntaehloride continues to be a popular reagent for the
Beckmann T€arrangement, but since numerous examples are listed in the
previous Organic Reactions review, (5) it is not discussed here. A popular
medium for Beckmann rearrangements of compounds that are not
acid-sensitive is polyphosphoric acid. After studying the rates of

rearrangement of a series of substituted acetophenone oximes, Pearson noted
that there is no substituent effect, that the rearrangements are 12-35 times

faster than in sulfuric acid, and that the rearrangement will usually occur at or

near room temperature overnight. (59) The most common procedure is to heat

the oxime at about 130° for a few minutes, although a recent procedure
suggests the use of xylene as a cosolvent. (60) A typical example is the
rearrangement of adamantylacetone oxime, 34. (61)

NOH pa
R (85%)
NHCOCH,



Mesityl oxide oxime, when treated with polyphosphoric acid, affords a 16%
yield of N-isobutylacetamide (a reduction product), indicating that
polyphosphoric acid may not be the best medium for rearrangement of
unsaturated oximes. (62) Several polyphosphoric acid mediated
rearrangements have been shown (or postulated) to proceed via a
fragmentation—recombination pathway. (63-67) For example, whereas oximes
35 and 37 rearrange to amides 36 and 38, a mixture of oximes 35 and 37
affords not only 36 and 38 but also crossover products 39 and 40 via the
corresponding fragmentation products: benzonitrile, acetonitrile, cumyl and
t-butyl cations. (64)

CHsC(CH,),C(=NOH)CH; =2 C¢HsC(CH,),NHCOCH,
35 36
t-C,H,C(=NOH)CH, —> {-C,H,NHCOCH,

37 38

35 + 37 ™% 36 + 38 + t-C,H,NHCOC¢H, + C4H,C(CH,),NHCOCH,
39 40

Another example is the polyphosphoric acid mediated rearrangement of oxime
41, which occurs at 25° and involves inversion of configuration in the process.
(66, 67) The observation that decalin alcohol 42 affords the same product
when subjected to the Ritter reaction indicates a fragmentation—recombination
mechanisg@operaﬁve. (26) An additional complication is the fact that, at
125°, the r product from 41 is cis-decalin via a disproportionation reaction.
(66, 67) Rearrangement of 41 with p-toluenesulfonyl chloride in pyridine
occurs with retention of configuration at the migrating carbon, indicating that
the rearrangement is not occurring by the fragmentation—-recombination
mechanism under these conditions. (66, 67)

HCOCH 3
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Some of the early literature on the Beckmann rearrangement invokes the
intermediacy of a free nitrenium ion. This mechanism was sometimes used to
explain syn migration when it was observed. Lansbury synthesized a series of



substituted tetralone and indanone oximes and demonstrated fairly
convincingly that a nitrenium ion can be generated only under very unusual
circumstances. (68-71) Dimethylindanone oxime 43, for example, affords a 1:2
ratio of lactams 44 and 45 in 48% yield, probably via a free nitrenium ion. (70,
71)
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44 (1:2) 45

Trimethylsilyl polyphosphate (PPSE) is an effective medium for the Beckmann
rearrangement at room temperature. An example is the rearrangement of
oxime 46 in methylene chloride, occurring in 63% vyield. (72)

(63%)
CeH; CeH, H;

C,H,0,C cnz S H,
CO,C,H,

Although only two examples are given, phosphorus
pentoxide—methanesulfonic acid solution appears to be an excellent reagent
for the Beckmann rearrangement, converting benzophenone oxime to
benzanilide in 95% yield and cyclohexanone oxime to caprolactam in 96%
yield. (73)

Thionyl chloride has been used for quite some time in Beckmann
rearrangements, (74) and the yields are fairly good. For example, estrone
oxime (47) rearranges to lactam 48 in 83% vyield in dioxane, (74) while



p-nitroacetophenone oxime rearranges to p-nitroacetanilide in 76% yield in
carbon tetrachloride. (75)
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H
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oo, \\ %

47 48
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More commonly used than thionyl chloride are benzenesulfonyl chloride and
p-toluenesulfonyl chloride. The rearrangement can be effected either with or
without isolation of the intermediate sulfonate esters. Two papers are often
cited as sources of the procedures for the rearrangement. (76, 77) Oximes that
are prone to fragmentation can often be rearranged by use of these reagents.
For example, spiro oxime 49 rearranges to lactam 50 in 73% yield when
treated with benzene-sulfonyl chloride. In contrast, treatment with phosphorus
T T I IR TR0 T Ipdnfadhloddh diibriislabendl dithiid 31 InBdod viel Iwhilk $olvdhbsbiiodclbdid | 1 1 1 1 |
affords amide 52 (note reduction) in 46% yield. (78)

(9]
- /DH C,H,50,C1 NH (73%)
49 50
(CH,)sCN (CH,);CONH,
PCl, PPA
™ mem(y
51(92%) (46%;) 52

The sensitivity of fragmentation-prone systems is illustrated by the reaction of
oxime tosylate 53, which gives either lactam 54 when treated with
triethylamine at room temperature or nitrile acid 55 when treated with dilute
sodium hydroxide at 0°, both in 80% ethanol. (79, 80)
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Once formed, the oxime tosylates can be readily solvolyzed in 80% ethanol
containing one equivalent of triethylamine. (28) A typical example is the
rearrangement of oxime tosylate 56, which affords amide 57 in 99% vyield.
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Hydroxylaminesulfonic acid (81) or O-mesitylenesulfonylhydroxylamine (82)
can be used to convert ketones to lactams directly. It was mentioned
previously, however, that these types of rearrangements may not proceed via
the oxime sulfonate. For example, the former reagent converts
cyclododecanone into lactam 58 in 76% yield, (81) while the latter reagent
converts ketone 59 into a 4:1 mixture of lactams 60 and 61. (82)
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Anhydrous hydrogen fluoride converts cyclohexanone and benzophenone

oxime benzoates into caprolactam and benzanilide in 72 and 90% vyields,

respectively. (83
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Triphenylphosphine—carbon tetrachloride can effect the Beckmann

rearrangement. For example, 2-octanone oxime is converted to

N-hexylacetamide in 80% yield by refluxing in either tetrahydrofuran or carbon

tetrachloride. (84)

Trimethylsimodide (85) induces the Beckmann rearrangement, probably via
the corresponding imidoyl iodide. (86) For example, acetophenone oxime
affords acetanilide in 55% yield and benzophenone oxime affords benzanilide
in 80% yield, but oximes of cyclohexanone, acetone, 2-octanone, and
pivalophenone are unreactive. (85)

Lactone 62 in carbon tetrachloride at room temperature converts
cyclohexanone oxime to N-acylcaprolactam 63 in quantitative yield. (87)
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N-Cyanato imines rearrange, as illustrated by the conversion of benzophenone
derivative 64 to imidoyl isocyanate 65 or imidoyl urethane 66 by heating briefly
in carbon tetrachloride or ethanol, respectively. (88)

NCO NOCN NHCO,C,H,
/1\ ooy, )j\ C,H,0H

CeHs  SNCH; ™ CH,” “CiH; ™ CgHy” =NCH,
(1] 64 [

4.1.1.2.2. Substrates

Cyclohexane-1,3- (89) and -1,4-dione (90) dioximes (67 and 68) are
rearranged to diamine—diacid lactam 69 and amino acid “dimer” lactam 70 by
the action of fuming sulfuric acid.

NOH

Cyclooctane-1,5-dione dioxime ditosylate (71) rearranges to diacid—diamine
lactam 72, (91) while cyclodecane-1,6-dione dioxime ditosylate (73)
rearranges to a mixture of lactams 74 and 75. (90)

H
KHCO N
R \j (4720)
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These are probably stereospecific reactions that reflect the stereochemistry of
the dioxime substrates, which is partly governed by packing forces in the
crystal lattices.

There are a number of examples of rearrangement of oxime derivatives to
imidates, which then undergo further rearrangement to N-substituted amides,
reminiscent of the Chapman rearrangement. (19) This type of transformation is
not a Chapman rearrangement in the strictest sense, but is broadly referred to
as such in the literature. For example, as mentioned earlier, cyclohexanone
oxime sulfonic acid rearranges to caprolactam-N-sulfonic acid, probably via an
imidate which then rearranges again. (29) When benzophenone oxime is
treated with a substituted benzoic acid in the presence of triphenylphosphine

T T T IR 0000 faddidethd addifolnhik. Nibénkolilehzbiifick drd thrinddl (92l Thd drdcdsd | 1 1 1 1 |
probably proceeds as follows: esterification of benzophenone oxime,
rearrangement to a benzoyl imidate, and then further rearrangement to the
substituted benzanilide.

NoJchH,NO,p
0,CCH,NO,-p
C,Hy™ “CH, — | CeHN=( i

CsHs
CsHs N_. CH/NO,-p
T r
O O
(87%)
Similarly, oxime picrates (C = NOPiIc) produce N-2,4,6-trinitrophenyl amides

or lactams [CON(Pic)R]. (93-97) For example, benzocyclooctane picrate 76
affords lactam 77 in 74% yield when refluxed in methylene chloride. (96)



FicDR

N O Pic
/
CH,Q1; N
beat (74%)
76 77

The Beckmann rearrangement can be carried out on some oxime derivatives
of transition-metal compounds. For example, benzoylferrocene oxime is
rearranged to amide 78 in 23% yield by treatment with p-toluenesulfonyl
chloride in pyridine, (98) in 18% yield with alkaline benzenesulfonyl chloride,
(99) and in 60—70% yield by refluxing in trichloroacetonitrile. (100)

NOH
C5H5F’BC5H4_ CEHS —_— CsHsFﬂCSH“CDNHCEHs (18=70%)

78
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(2)-Benzoylcyclopentadienylmanganese tricarbonyl oxime (79) yields amide
80 on treatment with phosphorus pentachloride and pyridine. The E isomer
under the same conditions affords only (CO)sMn(CsHsN)2CI™. 101-102

L

(CO);MnCsH,” “CgH; i (CO);MnC,H,CONHC,H;
79 B0

N

Organotin substrates also rearrange. (103, 104) For example, oxime 81
rearranges to amide 82 on treatment with p-toluenesulfonyl chloride. (104)

OH
N’/

A

(C¢H,),Sn(CH.,), 29, (C¢H.);Sn(CH,);NHCOCH,
81 82

The oximes of benzoyl (105) and acetyl (106) closo-carboranes rearrange to



acetamido carboranes on treatment with phosphorus pentachloride.

In certain instances, oximes with other functional groups react further after
they rearrange. For instance, oximes of certain keto acids may undergo
cyclization after rearrangement. Oxime acid 83 undergoes normal
rearrangement to the corresponding amide when treated with polyphosphoric
acid, but if water is added and heating is continued, amide hydrolysis and
cyclization occur to give lactam 84 in 51% vyield. (107)

M\CDZH L
/k‘\ *

(51%2)

ErZ

K]

A number of oxime acids of general structure 85, when treated with
polyphosphoric acid alone, undergo rearrangement and cyclization to N-acyl

lactams 86 in 55—70% vyield. %108%

HO_ CO,H
(55-70%)
Ar?

Alkenyl oximes may rearrange to either unsaturated amides or N-vinyl amides
(enamides). For example, chalcone oxime 87 is converted to
N-phenylcinnamamide (88) in 60—70% yield by refluxing in trichloroacetonitrile,
(100) in 57% vyield by stirring with trimethylsilyl polyphosphate in methylene
chloride, (72) or by treating its tosylate ester with silica gel in chloroform. (109)

C;H,C(—=NOH)CH—CHCsH; — CZH;NHCOCH=—CHCH; (57-70%)
87 88

Alkenyl oxime 89 is converted to N-vinylacetamide 90 in 94% yield with
phosphorus pentachloride. (110-112)



NOH

it/ N NHCOCH o
C.ﬁ H S/MKL CEH 5/“\r 3 {94@

89 %

The yields are often quite low, however, as is seen in the phosphorus
pentachloride mediated rearrangement of oxime 91, which occurs in only 20%
yield. (113)

@ CH: @ CeH,
g~ —CH — N~ ~CH= @0%)
NOH

NHCOCH,

-] |

Unsubstituted vinyl oximes may undergo Michael-type reactions following
rearrangement, as illustrated by the rearrangement of oxime 92, which is
accompanied by 1,4 addition of chloride ion to the amide product, providing an

210 y'ed nf chlq n:lr’m*glg'i 114
HEEEEENEEN HIEEEEEEEEEEEEEEEEEEEEEEER

CeHC(=NOH)CH=CH, —% C,H,NHCO(CH,),Cl (81%)
92 93

[]

The rearrangement to an enamide, which is labile to hydrolysis, can be used to
degrade steroid side chains. A typical example is the conversion of oxime 94 to
ketone 95 in 49% yield on treatment with p-acetamidophenylsulfonyl chloride
in pyridine. (115)

NOH

CH,CONH)C,H,50,C
e 2

Oximes of propargyl ketones also undergo Michael addition of chloride ion



following Beckmann rearrangement. (116) For example, propargyl ketoxime
96 yields only chlorocrotonamide 97 when treated with phosphorus
pentachloride in ether.

HO

N
I
£

CH,c=C"~  CyH,i =% CH,CCl=CHCONHC;H-i

96

97

The oxime tosylate of benzoyl cyanide (98) rearranges to urethane 99 in
60—62% yield when treated with either potassium hydroxide or sodium
ethoxide in ethanol. The diethyl acetal of phenyl isocyanate is an intermediate,
and the mechanism probably involves initial attack of ethoxide ion on the
oxime carbon. (117)

Ts
ANNNENENENERERNE INEEEEEEEEEEEEEEEEEEEEEEEEEENENEEE
)k %’ CcH;NHCO,C,H, (60-627%)
CeHj CN

[]

%

N-(p-Toluenesulfonyl)benzamide oxime (100) rearranges to
N-(p-toluenesulfonyl)-N-phenylurea (101) in 50% yield on treatment with
benzenesulfonyl chloride. (118)

NOH cHs0a )(L
TsNH CsH; TsNH NHC H,
100 im

A unique example of a retrograde Beckmann rearrangement involves
treatment of lactam 102 with 48% hydrobromic acid in acetone to afford a
mixture of three products: oxime 103, ketone 104 (the major product), and
hydrogen bromide addition product 105. (119)



CgH, 4

/
£

HEr
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0o X 0
102 103, X = NOH 105
104X = O

4.1.1.3. Haloimines

As mentioned above, chloroimines can be used as precursors of nitrilium salts.
(28) The reaction of chloroimines is stereospecific: treatment of
(E)-p-chlorobenzophenone-N-chloroimine (106) with silver tetrafluoroborate
affords only N-(p-chlorophenyl)benzamide (107), whereas the Z isomer of the
same chloroimine affords only N-phenyl-p-chlorobenzamide. (120)

Cl

N
E\.\ 2%, p-CIC,H,NHCOCH,

p-CICaHY  C,H,
106 107

[]

Fluoroimines behave similarly. Rearrangement of fluoroimine 108 in sulfuric
acid provides amide 109 in low yield. (121)

NF
NHCOCH;
CeH, =2 (<30%)
F,N" 'NF, F,N" "NF,
108 109

4.1.1.4. Nitrones

The rearrangement of nitrones to amides is quite an old reaction: an early
example, involving an aldehyde nitrone, was reported by Beckmann in 1890.
(122) The conversion of aldehyde nitrones to amides was reviewed recently.
(123) Barton renewed interest in the process in 1971, when he showed that
nitrones of unsaturated ketones in the steroid series produced exclusively




enamides, in contrast to the unsaturated amides produced in the Beckmann
rearrangement. (124, 125) For example, nitrone 110, when treated with
p-toluenesulfonyl chloride in pyridine, affords enamide 111 in 70% yield.

OH
o)
OH
HO
Tel
i THN O (70%)
CH,N N /
i CH;
0
110 111

The rearrangement is not stereospecific, affording a mixture of lactams from
the rearrangement of a saturated 3-keto steroid nitrone. (125) However, the

migratory aptitude of the nitrone substituent can often be used to advantage.
As part of a synthesis of mesembrine, oxime 112 treated with phosphorus

I T VT 00 01 loénlotidenimbthahdsdifénic bddlolres b 93bolvibid df hdanbid3ivihiled 1 1 1§ J 1 1 |
treatment of the oxime tosylate or of the O-mesityl oxime with alumina gives, at
best, mixtures of the desired lactam 114 with 113. (126) By contrast, nitrone
115 affords only lactam 116 in 32% yield when treated with p-toluenesulfonyl
chloride in pyridine. (126, 127)

CeHs CeHs CeH,
— HN + 0=(tD
HON N
H O H HH
112 113 114
CeH; CeH,
: ):D S O 620
CH,N N
é* H CH{ H
115 116

The mechanism proposed for the rearrangement involves nucleophilic attack
on the nitrone carbon followed by loss of tosylate and hydrolysis. (124) Thus



relative migratory aptitudes govern the structure of the lactam or amide
obtained, as is the case for the oxime sulfonic acids mentioned earlier.

4.1.1.5. Aldoximes

Several reagents convert aldoximes to primary amides in a nonstereospecific
manner. For example, acetaldoxime, benzaldoxime, and cinnamaldoxime
rearrange to acetamide, benzamide, and cinnamamide in yields of 89, 92, and
79%, respectively, when refluxed with silica gel in xylene. (128) Several
aliphatic aldoximes are converted to the corresponding amides when treated
with boron trifluoride in either acetic acid or ether. For example,
hexanaldoxime affords hexanamide in 71% yield when treated with boron
trifluoride in acetic acid and in 80% yield when heated with boron trifluoride
etherate. (129) Heptanaldoxime is converted to heptanamide in 90% yield by
the action of phosphorus pentoxide in methanesulfonic acid. (73) Copper
converts benzaldoxime to benzamide in 86% yield. (130) Cupric acetate in
dioxane converts oxime 117 to amide 118 in 47% yield. (131)

HON=CH _O H,NOC O
OH OH
0 EXOM, 0 “7%)
117 118

Catalytic a nts of nickel(ll) acetylacetonate, nickel(ll) acetate, or
palladium(Ih-dcetate convert acetaldoxime to acetamide (90% vyield),
(Z)-benzaldoxime to benzamide (70% vyield), and (E)-benzaldoxime to
benzamide (45% yield). (132, 133)

As mentioned in the “Stereochemistry” section, the rearrangement of
aldoximes in the gas phase is stereospecific. (36) In solution, rearrangements
of aldoximes are usually not stereospecific and may, in fact, proceed by
fragmentation to a nitrile followed by hydrolysis. There are only a few
exceptions. For example, porphyrin oxime acetate 119 rearranges to
formamide 120 in 28% yield when heated with acetic anhydride. (134)



CH=NO,CCH, NHCHO

- (28%)

119 120

3,5-Di-tert-butyl-4-hydroxybenzaldoxime rearranges to the corresponding
formanilide when treated with sulfuric acid. (135) (E)-Benzaldoxime, when
treated with 10 mol % of sulfonamide 121, affords a 75% yield of formanilide.
(136)

_OH

N
CHOCNSLNCH), ¢ H NHCHO (75%
[TITTTITTIITT1d HNREERERERRRREN

Mixed orthoesters such as 122, when refluxed with boron trifluoride and
mercury(ll) oxide in ether, afford reasonable yields of isonitriles. (137)

C2H5E/<0C2H5
o
N/

C.H;

)K :—:5» CsH;NC (50%)
CeHj H

122

4.2. Elimination—Additions

Perhaps the most interesting development in Beckmann rearrangement
chemistry stems from the realization and exploitation of the fact that the
intermediate nitrilium ions, imidates, imidoyl halides, and similar compounds
can be trapped with nucleophiles other than water. The products resulting from
such trapping are imine derivatives, which may be further manipulated into a
variety of amine derivatives (Eg. 4). The oxime derivative rearranges to either
imidate 123 or nitrilium ion 124, which is attacked by a nucleophile, Y7, to give
imine 125, which is either isolated or reacted with another nucleophile Z".



N N + N NHR!
— or |l X — R’+Y
RIJ\Rz RiJ\Dﬁ C Ri/”\'l’ H z (4)
RI
123 124 125

There are a few examples where deprotonation can be induced to give a
dehydration product. For example, oxime mesylate 126 affords ketenimine 127
in 86% yield when heated to 100° in toluene. (138)

MsO
N

J\ SR, (CH,),C=C=NCH,CH,-p (86%
i-C3H, C¢H,CH;-p
126 127

A number of examples exist where the nucleophile Y™ is either unreacted
substrate or solvent. Oxime 128 “traps itself” when treated with
p-toluenesulfonyl chloride in pyridine. (139)

O o,

TsCl
HON <H
O
128
O CgH,,
NO
V
Z
CsH,, d

(63%)



An example of the isolation of a pyridinium tosylate is mentioned at the
beginning of this chapter. (31) Cycloheptanone oxime tosylate affords lactim
ether 129 in 62% yield when stirred overnight with methanol. (140)

NOT
OTs _— N__ocH,
— (62%)

129

Benzophenone N-chloroimine produces ethyl imidate 130 when treated with
silver tetrafluoroborate and sodium ethoxide in dimethoxyethane. (120)

Isolation of imidoyl chlorides from the reaction of ketoximes with phosphorus
pentachloride is reported. (141-143) For example,

4,4 -dibromobenzophenone oxime affords an 80% vyield of imidoyl chloride
131. (141) Ewilarly, imidoyl chlorides can be obtained through the use of
triphenylphosphine and carbon tetrachloride. (144, 145)

p-BrC4H, C(=NOH)CH,Br-p ~ 5o p-BrCeH,N=CCIC,H,Br-p (30%)

131

Similar conversions are reported for the oximes of
N-(p-toluenesulfonyl)-benzamides. (118) For example, when treated with
phosphorus pentachloride in ether, amide oxime 132 provides
chloroformamidine 133 in 84% yield.

TsNHC(=NOH)CgH; — TsN=CCINHCH; (84%)
132 133



Although imidoyl iodides are not sufficiently stable to be isolated, they can be
observed spectroscopically in the reaction of oxime derivatives with
trimethylsilyl iodide or, more reliably, diethylaluminum iodide. (86)
Cyclododecanone oxime mesylate is converted to imidoyl iodide 134, and
3-pentanone oxime carbonate 135 affords imidoyl iodide 136 by the action of
trimethylsilyl iodide, as observed by NMR.

1
NOMs
{CH,),5il RS
(T N oo
134

(C,H,),C=NOCO,C,H; 2%, ¢ H,N=CIC,H, (©7%
135 136

The imidoyl iodides can be reacted with such external nucleophiles as thiolates
or Grignard reagents, and the imines so produced can be isolated or further
reacted with another nucleophile. For example, acetophenone oxime
carbonate (137) affords ethylthioimidate 138 when treated sequentially with
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mesylate affords amine 139 when treated sequentially with diethylaluminum
iodide, phenylmagnesium bromide, and diisobutylaluminum hydride (DIBAL).
(86)

CoH,C(H)=NOCO,C,H, LS8, ¢ 1 N—C(CH,)SC,H, 7

137 138
\jfﬁs 1. (C;H, Al /( DIBAL /( 63
1 C H,MgBr /“‘\N/ CGHS /#"-\.N C.H
H 6415
139

Carbonyl diimidazole converts benzophenone oxime and acetophenone oxime
into the corresponding imidoyl imidazoles (e.g., 140). (146)



b ool < s - O
CeH; CeHs — = CﬁHs’;NY (95%)
CGHS
140

Yamamoto has demonstrated a more efficient method for the preparation of
thioimidates in the reaction of oxime mesylates with alkylthioalanes or
arylthioalanes. For example, cyclohexanone oxime mesylate affords
caprolactim thioether (141) in 62% yield when treated with diisobutylaluminum
ethanethiolate, and acetophenone oxime mesylate affords thioimidate 142 in
88% vyield when treated with dimethylalane phenylthiolate. (147)

(i-CH3), AISC,H, o

T I

NOMs
(CH,J,AISC,H, CEH{“’N“

D 142

5-Hexen-2-one oxime mesylate is unreactive under the conditions prescribed
for the preceding conversions (147) but does rearrange when treated with a
similar reagent that is a stronger Lewis acid: ethylchloroaluminum
phenylthiolate (prepared from diethylchloroalane and thiophenol). (148)

(88%)
SC¢H,

CeHs

NOMs SN

CyH,ANCISC,H,
e

SCeH,
143

This methodology is also useful for the preparation of selenoimidates. (147)
For example, cyclododecanone oxime mesylate is converted to selenoimidate
144 in 57% yield by the action of diisobutylaluminum selenophenylate.



_NOMs
i {i-CyHy)sAlSeCH

SeCE,HS
144

Perhaps the simplest nucleophile that might be added to the nitrilium ion or
imidate is hydride. What appears to be an early example of this type of
transformation is the conversion of oxime 145 to amine 146 with lithium
aluminum hydride (LAH). (149)

It was later shown that the reaction, which produces primary amines as
by-products, is not stereospecific and proceeds through a hydroxylamine (150)
and possibly a nitrene. (151) The mixed reagent, lithium aluminum
hydride—aluminum chloride, increases the proportion of secondary amine but
proceeds t gh the hydroxylamine as well. (150) Diisobutylaluminum
hydride in ethereal solvents also gives mixtures (152, 153) but in methylene
chloride gives only rearranged products. (147, 153, 154) A typical example is
the conversion of indanone oxime mesylate 147 to 1,2,3,4-tetrahydroquinoline.

(147, 153)
DIBAL
2 (1) s
N
NOMs H
147

Imidoyl cyanides may be formed when a rearrangement is conducted in the
presence of cyanide ion. For example, the oxime of Michler's ketone (148)
affords an 87% yield of imidoyl cyanide 149 when treated with benzenesulfonyl
chloride and four molar equivalents of potassium cyanide. (155)



[P{CH;),NC¢H,],C=NOH 2%

KCN
148

H.N=C(CN)CsH,N(CH,), (7%
149

A more general procedure requires treatment of an oxime mesylate, such as
150, with trimethylsilyl cyanide and diethylaluminum chloride. Imidoyl cyanide
151 is produced in 91% yield. (147)

(n-CsH,,),C=NOMs -cps n-CsH,;;N=C(CN)CsH,,-n  (91%)
150 151

A more unusual example of cyanide trapping occurs when cyclobutanedione
dioxime 152 is treated with benzenesulfonyl chloride. (156) The
fragmentation—cyclization sequence shown produces oxime 153, which then
rearranges and traps cyanide in a straightforward fashion.

NC\\><
HON — \ 72

153

Grignard reagents may effect Beckmann rearrangement of an oxime sulfonate
and add to the resultant nitrilium ion in situ. The product is an imine, which may
be reduced or reacted with a second Grignard reagent. For example,
cyclohexanone oxime mesylate can be converted to either amine 154 in 63%
yield by sequential treatment with n-butylmagnesium bromide and
diisobutylaluminum hydride or amine 155 in 72% yield by the sequence of
methylmagnesium bromide followed by allyl magnesium bromide. (157)



1. nC,H, MgBr 1. CH,MgBr .
N 2. DIBAL 2, CH;ECHCHIMW'

N
H H =
(63%) 154 SCIREs 185 (122)

Organoaluminum reagents are also effective for these types of transformations.
For example, undecylcyclopentanone oxime mesylate (156) is converted to

imine 157 in 54% yield when treated with trimethylalane. Reduction with lithium
aluminum hydride—trimethylalane affords solenopsin A in 97% yield. (147, 158)

{CH,),A1 LAH
n-Cy1Hjy ; /l\/:l\ CH AL /O
H'C11H23 N H-C“Hg N-

)
NOMs
156 157 (57%) solenopsin A (97%)
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followed by allylmagnesium bromide. (147)

Other examples of this methodology include a two-step, 58% yield synthesis of
coniine from cyclopentanone oxime tosylate, (147) and the synthesis of
pumiliotoxi from oxime tosylate 158 in 60% yield, (147, 153) by the action
of tripropylalane, followed by diisobutylaluminum hydride.

L. (n-CyH)5Al

NOTs H
coniine
L (CyHa)AL
@ o Cm\/\ o
H NDTS HHH
pumiliotoxin-C

Trapping by enol silyl ethers is also possible. (159) For example,



cyclohexanone oxime mesylate and silyl enol ether 159 afford ketoimine 160 in
42% yield when treated with ethyldichloroalane. Most ketoimines tautomerize,
as demonstrated by the condensation of cycloheptanone oxime mesylate and
cyclopentanone enol silyl ether, which affords vinylogous amide 161 in 74%
yield. A limitation of the process is that the oximes of cyclopentanone and aryl
ketones do not work.

NOMs OSi(CH,)5 N 0
| i
5y = U
159 160

NOMs  (osicH,),

NH O
+ @ M (74%)

161
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4.3. Fragmentations

4.3.1.1. Ketoximes

It is worth rgsfating that most Beckmann fragmentations occur from the
nitrilium or mate species, as discussed earlier. (28, 33) Methods of
generating the imidate species other than by fragmentation of an oxime
underscore this point. For example, when amide 162 is treated with
p-toluenesulfonyl chloride in pyridine, nitrile 163 is obtained in 61% yield. (160)
This process probably proceeds by way of an intermediate imidoyl tosylate.

CN
(615)

163

The largest class of structural types that undergo fragmentation, either by
design or as a side reaction, are oximes that have quaternary centers adjacent
to the oxime carbon. The steric bulk of the quaternary center usually dictates



the oxime geometry and, therefore, the structure of the nitrilium ion or imidate.
In the absence of some functional group that directs the fate of the cation, a
number of products may be isolated.

When the oxime is acyclic, the fragmentation produces two or more products:
a nitrile (or an amide if the nitrile is hydrolyzed under the reaction conditions)
and the product or products derived from the cation. The reaction is
preparatively useful only when the nitrile is the desired product. For example,
tetrahydropyran oxime 164 affords a 69% yield of nitrile 165 when treated with
phosphorus pentachloride in ether, (161) whereas oxime 166 fragments to
give a 98% yield of two isomeric olefins when treated with polyphosphoric acid.

(162)
OH
N &
— 7 NC (69%)
t-C,Hg O o
164 165

T ILEEILT

The conditions of the reaction affect the propensity of the system to fragment.
For example, oxime 167 affords nitrile 168 in 90% yield when refluxed with
p-toluenesulfonyl chloride in pyridine. (163) In a similar system, treatment with
thionyl chloride in ether for 5 minutes at —20° affords 35% fragmentation
product and 32% rearrangement product. (164)

OCO,CH,

__, NC s

HON

167 168



2,2-Disubstituted cyclic ketoximes fragment readily, although nonspecific
deprotonation of the cation may lead to a mixture of products. For example,
spiro oxime 169 fragments to nitrile 170 in 92% vyield when treated with
phosphorus pentachloride in benzene. The same oxime, when treated with
polyphosphoric acid, affords saturated amide 171. (78)

— ~ —
N I

170 (929;) 169 171 (46%)

2,2-Diphenylcycloheptanone oxime (172) fragments to nitrile 173 in 98% vyield
when treated with thionyl chloride in benzene. (165) Oxime 174 fragments
when treated with polyphosphoric acid at 125°, but the likely product (nitrile
175) cyclizes and hydrolyzes, producing amide 176 in 70% yield. (166)

NOH
50C1, 4
EEEEEEEEEERANEP NSNS NN LA CHEEEEEEEEEE NN
CeH;s
172
HON CN CONH,
PPA
BT —t (70%)
Z
174 175 176

Oximes of camphor and its derivatives are readily fragmented, (167-173) but
the deprotonation of the fragmented cation is seldom highly stereoselective.
Camphor derivatives can be used as chiral starting materials in enantiospecific
syntheses, (169, 172) but a proton source is required to equilibrate the olefinic
products. For example, when oxime 177 is treated with p-toluenesulfonyl
chloride in pyridine, a mixture of olefinic nitriles 178 and 179 is obtained in 70%
yield. (171) When 177 is treated with a mixture of trifluoroacetic acid and
trifluoroacetic anhydride, nitrile 179 is the only product obtained in 80% yield.
(172)



CH;0,C(CH,),

NOH =5,

177

Hi

CH,0,C(CH,),._ CHsﬂzC{C 2)2.

Occasionally, ring strain provides the driving force for fragmentation, although
rearrangement is sometimes still a major pathway. Oxime benzenesulfonate
180, for example, when heated in aqueous acetone, fragments to hydroxy
nitrile 181 in 31% yield, accompanied by 19% rearrangement. (174)
Four-membered ring compounds appear to be more likely to fragment. (175
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treated with m-nitrobenzoyl chloride in methylene chloride. (176)

I i
P
ag. acetone
_‘E:L/[c%oﬂ G170
CN °

C¢H,80,0”
180 181
NOH |
m-0,NCH,C0C | 61%)
C,H.O o g e
oA OC,H,
182 =1

The presence of an appropriately placed oxygen atom facilitates fragmentation
by stabilizing the cation formed. When hydroxycholestanone oxime (184) is
treated with thionyl chloride in ether at —20°, ketonitrile 185 is obtained in 94%
yield. (177) The same transformation is effected in 86% yield by treatment with
dichlorocarbene. (178)
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184 185

HON

Dichlorocarbene also fragments benzoin oxime (186) into benzaldehyde and
benzonitrile in 80 and 76% vyields, respectively. (178) The same fragmentation
is effected with polyphosphoric acid, producing the same two products in 33
and 26% yields, respectively. (179)

CeHs;CHOHC(=NOH)CeH; -~ C4H,CHO + C,H,CN
186 (80%) (76%)

Fragmentation of hydroxy oxime 187 with dichlorocarbene affords nitrile

aldehvde 188 in 8594 vield Q) Heat far 2 minites with dillite sulfuric acid
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CHO
OH _CChorHiso, Gﬁ (85-95%)
NOH CN
187 188

Fragmentation of hydroxy oxime 189 with p-toluenesulfonyl chloride at room
temperature gives a 98% yield of nitrile aldehyde 190. (181) Similar conditions
afford only a 23% yield of nitrile aldehydes 192 from oxime 191, in which the
hydroxyl group is more remote, accompanied by 25% lactam. (182, 183)

OH

OH _ CHO
= CN  (98%)

CH,0
189 190



CH C4Hg"n

“C Hg-n OHC
OH OH
191 192 (23%) (25%)

"C‘_Hg-ﬂ

It is of interest to note that hydroxy oximes usually rearrange instead of
fragmenting when photolyzed. (184) Exceptions to this statement have been
noted, however. (185)

Alkoxy oximes fragment under mild conditions as well. For example, oxime
193 affords nitrile 194 in 93% yield when stirred with acetic anhydride in
pyridine. (186)

o) 0
_— ] (93%2)
i \\ i CN
CH,CO;

D 193 194

Oximes of 3-ketotetrahydrofurans and 3-ketotetrahydropyrans fragment
readily when treated with thionyl chloride or phosphorus pentachloride. (187)
For example, oxime 195 affords a 95% yield of benzophenone and
valerolactone when treated with phosphorus pentachloride in chloroform. (187)

LIJI'I
"y c,cocH T
& CﬁHs G 5 6115 o 0 o
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Acetals of the monooximes of 1,2-diones fragment readily. For example, acetal
oxime 196 fragments (via its orthoester) when treated with methyl



orthoformate and methanesulfonic acid, affording ester nitrile 197 in 97% yield.

(188, 189)
NOH HO[OCH,), CO,CH,
“CHS0.H CN 67%)
196 197

Oximes of 3-ketopyrrolidines and 3-ketopiperidines fragment like their oxygen
counterparts. (190) For example, piperidine oxime 198 affords
N-tosylaminonitrile 199 in 46% yield when treated with p-toluenesulfonyl
chloride and aqueous base.

NOH i
(T — NC(CH,);N(CH,)Ts (462%)
N 199
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Acyclic amino ketoximes fragment as well; the following examples
demonstrate the importance of stereoelectronic effects on the yield and the
conditions feduired for the fragmentation. The E isomer of oxime benzoate 200
affords a 99% yield of p-nitrobenzonitrile when heated in ethanol at 80° for 1
hour. By contrast, the Z isomer gives only a 40% yield after 200 hours at the
same temperature. (95)

CyH O
{ NCHzfﬂTCﬁH,,NO;-p e % p-O,NC H,CN  (99% from (E)-200)
407, from (Z)-200
NO,CC,H, e DiZh

200

An unusual double fragmentation followed by a Friedel-Crafts alkylation is
initiated by a Beckmann fragmentation of aspidospermidine oxime 201. The
fragmentation product 202 further fragments to iminium ion 203 and then
cyclizes to the eburnamenine nitrile 204 in 55% overall yield. (191)



(35%)

The oximes of alkylthio ketones are prone to fragment when the geometry of
the oxime hydroxyl is anti to the sulfur. Although the mechanism of sulfur
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electrons by sulfur to the migrating (or fragmenting) carbon is the most likely
explanation of the effect. Oxime 205 provides a 72% yield of nitrile 206 when
treated with thionyl chloride in pyridine (193) and a 92% vyield of nitrile 207
when treated sequentially with p-toluenesulfonyl chloride and ethanol. (194)

[]

HO
N

NC(CH,);SCH,Cl < d +emon® NC(CH,);SCH,0C,H,
205

206 (72%) 207 (9237)

Sulfur participation of quite a different sort is described for oxime 208.
Specifically, the E isomer fragments while the Z isomer rearranges. (195, 196)
The mechanism proposed for the fragmentation is as shown.
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Monooximes of 1,2- and 1,4-diones are prone to fragment, but the products

obtained depend on the conditions employed. For example, heptanedione

monooxime 209 may produce three products depending on the reagent. (197
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benzenesulfonyl chloride, benzoyl chloride, phosphorus pentachloride, or

acetyl chloride is used. Sulfuric acid may yield either amide 211 or acid 212,

depending on the vigor of the conditions. Polyphosphoric acid affords a

mixture of amide 211 (24%) and acid 212 (28%).

[]

0
ﬂ‘C4Hg
\H‘\ — n-CH,CN + n-C,H;CONH, + n-C,H,CO,H
_N 210 21 212
HO
i)

Cleavage may be effected by nucleophilic attack: potassium tert-butoxide
produces ester nitrile 214 from oxime acetate 213. (57)
O
NO,CCH,

KOC H,+
e ————
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CN
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CH,CO;
A3 214



Oximes of keto acids and keto amides fragment although not quite as readily
as those of diones. For example, oxime acid 215 affords nitrile 216 when
refluxed in dilute sulfuric acid for 3 hours. (198) Oxime amide 217 produces
aminonitrile 218 on heating with p-toluenesulfonyl chloride for 30 minutes in
dioxane. (199)

CO,H
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217 218

Monooximgs of 1,4-diones may fragment by either of two mechanisms. Oxime
tosylate 2197 when treated with potassium tert-butoxide in tetrahydrofuran,
affords an 85% yield of ketonitrile 220 by an elimination mechanism. In oxime
tosylate 221, this mechanism is impossible. Nevertheless, sodium hydroxide in
anhydrous ethanol effects a double fragmentation by nucleophilic attack on the
carbonyl, affording nitrile acid 222 in quantitative yield. (79, 80, 200)
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amide 224 in 97% yield when stirred with p-toluenesulfonyl chloride in pyridine.

(201)
NOH
\
N
0,CCH, =5
CH,CO;
23
o)
H

N">"eN

\ 0,CCH, (97%)

Nitroso phenols react similarly, perhaps because they are tautomers of the
monooximes of diones. For example, nitrosonaphthol 225 fragments to nitrile



acid 226 in 54% yield when treated with thionyl chloride in sulfur dioxide (202)
and in 49% yield when treated with p-toluenesulfonyl chloride in pyridine. (203)

NO
OH CN
ar CO;H
P
225 226

Silicon can direct the stereochemical course of a Beckmann fragmentation in a
stereospecific manner. Oxime acetate 227 fragments to the cis-olefin nitrile
228 in 90% vyield when treated with trimethylsilyl trifluoromethanesulfonate; its
epimer, 229, affords trans-olefin nitrile 230 in 94% yield under the same
conditions. (204)

{CH,)5 851080 ,CF,

h AN e
“Si(CH,), 23
229

4.3.1.2. Aldoximes

In the 25 years covered by this review, over 40 different reagents have been
reported to effect the conversion of aldoximes to nitriles. Indeed, this
transformation is the one to be expected when an aldoxime is treated with a
Lewis acid or a dehydrating agent. Most reagents work equally well, or nearly
so, with either oxime diastereomer. The reader can best ascertain the scope of
this reaction and the variety of reagents used by scanning Table IV (“Aldoxime
Fragmentations”).

4.4. Rearrangement—Cyclizations



The intramolecular capture of the nitrilium ion or imidate produced in a
Beckmann rearrangement or fragmentation was first observed in the
nineteenth century. However, synthetically useful procedures have emerged
only recently.

4.4.1.1. Heteroatom Terminators

One of the first examples of a rearrangement cyclization was observed by
Perkin in 1890, although the structure postulated, aminal 231, was corrected to
oxazoline 232 in 1960. (15, 205) Thus treatment of alkenyl oxime 233 with a
mixture of hydrogen chloride, acetic acid, and acetic anhydride rearranges the
oxime, hydrates the double bond, and cyclizes by oxygen capture of the
intermediate nitrilium ion or imidate.

0}
(X %% — (e
N OH
H NOH
233

231 232

Mesityl oxide oxime (234) affords oxazoline 235 in 80% yield by a similar route
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oxazole formation appears to be quite facile. For example, oxime 236 affords
benzoxazole 237 in 83% yield when treated with phosphoryl chloride. (207)

NOH

o
B, \gf (80%)
235

234

OH
HO N~
HO O
O = -
HO N
236 237

(E,E)-Benzil dioxime affords a 99% vyield of oxadiazine 238 when heated for 12
minutes with polyphosphoric acid. (179)

HON NOH N-O

= PN 99%)
f
Ce¢Hs CgH; CeHs” N “C¢Hy

238



Thiophenols also serve as terminators: oxime 239 cyclizes to benzothiazole
240 in 70% yield when treated with polyphosphoric acid. (208)

OH
N/'
N
= Lo o
Cl SH Cl S
239 240

Nitrogen is reported as a terminator in only a few cases. In one of these,
diphenylhydrazone 241 affords imidazole 242 in 80% yield on treatment with
polyphosphoric acid. (209)

N CeH; . N~
r|~1 RN (80%)
N N~ S0
H

~
H N(CgHj),
I:Iul 242

The formation of valerolactam from cyclodecanedione dioxime 243 can be
rationalized by a rearrangement cyclization followed by hydrolysis. (210)
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4.4.1.2. Aromatic Terminators
The first rearrangement-cyclization involving an aromatic terminator, the
conversion of benzylideneacetone to 1-methylisoquinoline, was reported by
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Bischler—Napieralski reaction. (211)

One paper reports several examples of indole aldoximes undergoing a
rearrangement cyclization. (212) This process is surprising in view of the

reluctance Idoximes to rearrange to formamides. Nevertheless, aldoxime
244 afford quinoline 245 in undisclosed yield when refluxed in ethanolic
sulfuric acid.

Isoquinolines and dihydroisoquinolines can be routinely prepared by
rearrangement-cyclization, although the yields are modest, usually in the
30-50% range. For example, oxime 246 affords isoquinoline 247 in 32% vyield
(via double-bond isomerization) on treatment with phosphorus pentachloride
followed by phosphorus pentoxide. (213) The imidoyl chloride is formed in the
first step (214) and cyclizes in the second.
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A mixture of phosphoryl chloride and phosphorus pentoxide effects cyclization
of oxime 248 to dihydroisoquinoline 249 in 45% yield. (215)

O == 0 =
NOH =

248 249
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Because the rearrangement step is stereospecific, the yield of cyclization
product is limited by the amount of the appropriate geometric isomer in the
starting m al. An illustrative example is the reaction of oxime 250, in which
the E isomer affords phenylphenanthridine (251) via an endo cyclization
pathway (see Scheme 1), while the Z isomer affords fluorenone (252) via an
exo pathway. (215)

g NOH »,0,, POCY, ] | l i . &
o0 O O
250 151 252

4.4.1.3. Olefinic Terminators

Wallach reported in 1901 (14) that oxime 253 undergoes rearrangement
cyclization to dihydropyridine 254 on treatment with phosphorus pentoxide, but
the structure of the reaction product was later corrected to pyrroline 255. (216)



More recently, trimethylsilyl polyphosphate has been used to effect the
transformation. (217) The mesylate of 253 can be converted to 255 by using
either stannic chloride or diethylaluminum chloride. (218)

NOH
| I —
Gﬁ ( N
254 253

255

The styryl group serves as a terminator for the rearrangement cyclization, but
the chlorovinyl group does not except under forcing conditions. (217) Thus
oxime 256 affords pyrroline 257 on treatment with either phosphorus pentoxide
or trimethylsilyl polyphosphate, but chlorovinyl oxime 258 cyclizes only on
treatment with phosphorus pentoxide. Treatment with trimethylsilyl
polyphosphate stops at the intermediate imidate stage, affording only amide
259 on workup.

NOH

(50-59%)
or P50,

N
256 257

cl Cl cl
NOH
(50%) eg’ L0 JEPeE,
4 /Ji)k NHCOCH,
238 259

Alkylation of the oxime dianion prior to rearrangement cyclization is a good
way to introduce substituents into the heterocycle regiospecifically. (217-219)
For example, oxime 260 is constructed in this way. Alkylation of the dianion of
(E)-253 with methyl iodide affords 260, which cyclizes to pyrroline 261 in good
yield. (217, 219) (Z)-2-Butanone oxime dianion is alkylated with cinnamyl
chloride to (2)-262; after equilibration of the geometric isomers, the oxime is
cyclized to pyrroline 263 in 82% yield. (217, 219)
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Oxime 264 is also constructed in this way. After equilibration of the geometric
isomers, mesylation of the oxime, rearrangement, and reduction gives
tetrahydropyridine 265. Reduction completes a short synthesis of solenopsin B.

(218)
lllllllllllllllllll'lll!ﬁﬂvﬁlllllll
H
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Rearrangement cyclization of large-ring ketoximes can be used to synthesize
ansa pyridines and piperidines. For example, oxime 266 affords pyridine 267 in
25% vyield on treatment with phosphoryl chloride in pyridine. (220) Similarly,
oxime mesylate 268 is converted to muscopyridine in 80% yield by sequential
treatment with trimethylsilyl triflate and manganese dioxide. (218)
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carbocation by a methyl group; the tetrahydropyridine so formed may then be
reduced to a piperidine. The process is illustrated by the conversion of oxime
mesylate 269 to ansa piperidine 270, which occurs in 59% overall yield. (218)

v

e
N
1. (CH,),Al
2 DIBAL (39%)
269 270

Cyclization in the exo mode (see Scheme 1) affords carbocycles instead of
heterocycles. For example, oxime mesylate 271 affords cyclohexenylamine
272 in 65% yield when treated sequentially with stannic chloride and
diisobutylaluminum hydride. In line with reactivities described above,
sequential treatment of 271 with trimethylalane and diisobutylaluminum
hydride affords cyclohexylamine 273 via trapping of the cyclic cation. (218)
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Exo cyclization of oxime mesylate 274 produces a cation that cyclizes in a
Friedel-Crafts fashion on the phenyl nucleus that migrated to nitrogen.
Diisobutylaluminum hydride reduction of the resultant imine affords 275 in 51%
yield. (218)

1. SnCl,
2. DIBAL {5 lm
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215

A number of cyclizations of nitrilium ions generated from oximes occur via a
fragmentation—Ritter reaction pathway. These are processes that are
conducted in a protic acid and thus are subject to many of the limitations of the
Ritter reactjor] itself. In particular, the olefin produced in the fragmentation
must be loath to rearrange. An example is the conversion of spiro oxime 276 to
octalone 277 in 94% yield upon treatment with polyphosphoric acid at 125° for
10 minutes. (221)

/,DH

N
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276 277



5. Comparison with Other Methods

The Beckmann rearrangement consists of the conversion of the ketone to an
amide, a conversion that may be accomplished in a number of ways: the
Schmidt reaction, the photochemical Beckmann, or the nitrone Beckmann. Of
these, only the Beckmann rearrangement is stereospecific. The Schmidt
reaction (6, 8, 222, 223) is the conversion of a ketone into an amide by
reaction with hydrazoic acid. The structure of the amide obtained from an
unsymmetrical ketone depends on the relative migratory aptitudes of the two
groups. This can be seen by comparing the products formed from the Schmidt
and Beckmann reactions of ketone 278. Schmidt reaction affords an equimolar
mixture of both possible products, (224) whereas solvolysis of the oxime
tosylate 279, in which the tosylate is anti to the isopropyl group for steric
reasons, affords only the acetanilide stereospecifically. (28)

CeHy” “CiHq-i — CgH;NHCOC;Hi + CgHsCONHCH i (57%)
278 1:1
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The nitrone Beckmann, (123-125) which affords N-methyl amides from
N-methylnitrones, sometimes gives lactams structurally different from those
obtained otherwise. For example, oximes of unsaturated steroidal ketoximes
produce unsaturated amides on rearrangement (11-15), (40-43) while the
corresponding nitrones afford enamides exclusively (110). (124, 125) Certain
cyclobutanone oximes also fail to rearrange stereospecifically, while the
corresponding nitrones afford only a single product (112 and 115). (126, 127)

The photochemical Beckmann rearrangement (17) converts an oxime to an
oxaziridine, which then rearranges to an amide under conditions of
stereoelectronic control, governed by orbital alignments in the oxaziridine
intermediate. (225) Usually, this means that photochemical rearrangement of
an unsymmetrical ketoxime gives mixture of lactams, independent of oxime
geometry. For example, lactam 280 is the only rearrangement product
obtained on treatment of oxime 281 with thionyl chloride, (226) while photolysis
in methanol affords an equimolar mixture of 280 and 282. (227)
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The photochemical process has the advantage that oximes that would
normally fragment under even the most mild Beckmann conditions rearrange
when photolyzed. For example, oxime 283 affords only fragmentation products
under (unstated) Beckmann conditions but provides a 60% vyield of lactam 284
when photolyzed in methanol. (227)
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Those rea@s classified as elimination—additions, ketoxime fragmentations,
and rearrangement-cyclizations are not easily accomplished in any other way.
Aldehydes can be converted to nitriles by the Schmidt reaction. (8)

The stereospecificity of the Beckmann reactions is both a blessing and a curse.
It is a blessing if one has in hand the correct diastereomer for the desired
transformation and a curse if one does not. These reactions suffer from the
fact that the stereochemistry of the oxime cannot be controlled easily.
Occasionally, it is possible to separate the two geometric isomers. More often,
however, the undesired stereoisomer is wasted. At best, regiochemical
alkylations of oxime dianions (228-230) afford stereochemically pure Z oximes,
but this is of little consequence unless the starting oxime is symmetrical.



6. Experimental Conditions and Procedures

Several of the procedures described below require oxime sulfonates as
starting materials. The following general procedures can be used to prepare
tosylates or mesylates from the corresponding oxime.

6.1.1.1. General Method for Preparation of Oxime Tosylates (Reaction of a
Ketoxime with p-Toluenesulfonyl Chloride) (147)

To a solution of the oxime (10 mmol) in 10 mL of pyridine at —20° was added
2.3 g (12 mmol) of p-toluenesulfonyl chloride portionwise over a period of 5-10
minutes. The resulting mixture was stirred at approximately —20—-0° for several
hours. The reaction progress was monitored by thin-layer chromatography
(TLC). When the mixture was poured with stirring into ice and water, most
oxime tosylates crystallized immediately. Filtration, washing several times with
cold water, and recrystallization of the crude product afforded the pure oxime
tosylates, which were stored in a freezer.

6.1.1.2. General Method for Preparation of Oxime Mesylates (Reaction of a
Ketoxime with Methanesulfonyl Chloride) (147)

To a solution of the oxime (10 .1m ’)I) and 2 1 15 mmol) of triethvlamine i
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methanesulfonyl chloride over a period of 5-10 minutes. After stirring for an
additional 30 minutes, the reaction mixture was transferred to a separatory
funnel with the aid of more methylene chloride and washed sequentially with
cold 1 M hydrochloric acid, saturated sodium bicarbonate, and brine. The
organic Iayas then dried with sodium sulfate and concentrated. The crude
mesylates, which are thermally labile, are usually pure enough for further
reaction but may be recrystallized (carefully!) from ether—hexane or methylene
chloride-hexane at low temperature.

6.2. Rearrangements

The previous Organic Reactions review of the Beckmann rearrangement (5)
contains general procedures using phosphorus pentachloride and sulfuric acid
and specific procedures employing polyphosphoric acid, benzenesulfonyl
chloride—sodium hydroxide, nitromethane, trifluoroacetic acid, hydrochloric
acid in acetic acid, and Raney nickel. Readers interested in procedures using
these reagents may consult the prior review or select a reference from Table .
Parallelling the text, the following procedures are categorized by the type of
transformation.

6.2.1.1. 1-Isopropyl-5-methyl-2-azabicyclo[4.1.0]heptan-3-one
(Rearrangement of a Ketoxime with p-Toluenesulfonyl Chloride in Pyridine)
(231)



To a solution of 25 g (0.13 mol) of p-toluenesulfonyl chloride in 30 mL of
pyridine at 0° was added a solution of 14.4 g (0.086 mol) of
dihydroumbellulone oxime in 30 mL of pyridine. After standing for 1 hour, the
reaction mixture was heated on a steam bath for 30 minutes, cooled, and
allowed to stand for 2 hours. The resulting mixture was then poured into a
slurry of 25 mL of H,SO,4 and 120 g of ice. After 2 hours, the crystalline product
was filtered and washed with water. Ether extraction of the filtrate afforded
additional product. Total yield was 13 g (90%), mp 102.2-102.7°.

6.2.1.2. 3-Aza-A-homocholestan-4-one (Rearrangement of a Ketoxime
Tosylate with Alumina) (77)

A solution of 2.0 g of cholestanone oxime tosylate was taken up in a minimum
amount of benzene and applied to the top of an alumina column (activity | or II,
alkali- or acid-washed, 25 g of alumina per gram of ester) packed with hexane.
Excess p-toluenesulfonyl chloride was eluted with hexane; elution with
benzene containing increasing amounts of chloroform effected elution of the
lactam in 83% yield, mp 271-273°.

6.2.1.3. p-Methylacetanilide (Rearrangement of a Ketoxime with Thionyl
Chloride in Carbon Tetrachloride) (75)
i - viacetonhenone oxime in 10 ml_of
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chloride in 10 mL of carbon tetrachloride. The reaction was stirred for 2 hours
at 0°, washed with water, concentrated to half volume, and cooled. The
crystalline product was isolated by filtration: yield 0.52 g (70%).

6.2.1.4. 4,mcarboethoxy—3,5—diphenylcaprolactam [Rearrangement of a
Ketoxime Trimethylsilyl Polyphosphate (PPSE)] (72)

6.2.1.4.1. Preparation of Trimethylsilyl Polyphosphate

A mixture of 10 g of phosphorus pentoxide and 21 mL of hexamethyldisiloxane
was refluxed in 40 mL of an organic solvent such as methylene chloride,
chloroform, benzene, or carbon tetrachloride until dissolution occurred (usually
<1 hour).

6.2.1.4.2. Rearrangement Procedure

A solution of 0.609 g (1.49 mmol) of
4,4-dicarboethoxy-3,5-diphenylcyclohexanone oxime (46) in 4.5 mL of a
methylene chloride solution of trimethylsilyl polyphosphate was stirred for 12
hours at room temperature, and then quenched with 7 mL of water. The
aqueous layer was extracted with methylene chloride; the combined organic
layers were dried with sodium sulfate and condensed. The crude product was
purified by silica gel chromatography, yielding 0.384 g (63%) of lactam.

6.2.1.5. N-Phenylbenzamide (Rearrangement of a Ketoxime with
Polyphosphoric Acid in Xylene) (60)



A solution of 1.97 g (10 mmol) of benzophenone oxime in 20 mL of xylene was
added to a stirred suspension of 6 g of polyphosphoric acid in xylene at 100°.
After heating at 100° for 2 hours, the reaction mixture was cooled and
quenched with 40 mL of cold (0°) water. The organic layer was separated,
dried with sodium sulfate, and concentrated to afford a quantitative yield of the
product, mp 162°.

6.2.1.6. N-n-Hexylacetamide (Rearrangement of a Ketoxime with
Triphenylphosphine—Carbon Tetrachloride) (84)

A solution of 1.4 g (10 mmol) of 2-octanone oxime, 5.25 g (20 mmol)
triphenylphosphine, and 50 mL of carbon tetrachloride was refluxed for 2 hours.
Concentration of the reaction mixture and distillation of the semisolid residue
afforded 0.7-0.85 g (50-61%) of product, bp 84—86°/0.1 mm.

6.2.1.7. N-Methylferrocenecarboxamide (Rearrangement of an Organometallic
Ketoxime with Trichloroacetonitrile) (232)

A solution of 2.43 g (10 mmol) of acetylferrocene oxime and 7.2 g (50 mmol) of
trichloroacetonitrile in 50 mL of ether was refluxed for 1 hour, cooled, and
filtered. The filtrate was diluted with 150 mL of hexane and left overnight at 0°.
The crude product was separated by filtration and recrystallized from ethanol
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6.2.1.8. 2-Azacyclononanone (Rearrangement of a Ketone with
Hydroxylaminesulfonic Acid) (81)

To a solution of 1.26 g (10 mmol) of cyclooctanone in 10 mL of 95-97% formic
acid was added dropwise a solution of 1.7 g (15 mmol) of
hydroxylasulfonic acid in 5 mL of the same solvent. The reaction mixture
was refluxedTor 5 hours, cooled, quenched with ice water, neutralized with 5%
sodium hydroxide, and extracted with chloroform. The combined organic
layers were dried with sodium sulfate and condensed. The residue was
distilled to give the lactam in 61% yield, bp 138°/4 mm.

6.2.1.9. Cinnamamide (Rearrangement of an Aldoxime to a Primary Amide
with Silica Gel) (128)

A mixture of 2.94 g (20 mmol) of cinnamaldehyde oxime and TLC-grade silica
gel (0.24 g, activated at 130-140°, pH of the silica gel suspension = 6.5-7.0) in
25 mL of anhydrous xylene was refluxed for 66 hours. The solution was filtered
while hot and partially concentrated. The crude precipitate was recrystallized
from benzene—ethanol, affording the product in a yield of 79%, mp 146-147°.

6.3. Elimination—Additions

6.3.1.1. O-Methylenantholactim (Methanolysis of a Ketoxime Tosylate) (140)
A solution of 10 g (36 mmol) of cycloheptanone oxime tosylate in 500 mL of
99.98% methanol was allowed to stand for 16 hours at 25°. The solution was
brought to pH 8.0 with sodium methylate in methanol and condensed under



vacuum. The residue was taken up in ether, filtered, condensed, and distilled
to afford the lactim ether in 62% yield, bp 78°/20 mm.

6.3.1.2. 4,4"-Dinitrobenzimidoyl Chloride (Conversion of an Oxime to an
Imidoyl Chloride) (141)

4,4¢-Dinitrobenzophenone oxime (7.0 g, 24 mmol) was dissolved in a
minimum amount of benzene (225 mL) at 75°. Phosphorus pentachloride
(6.4 g, 31 mmol) was added at such a rate as to produce a vigorous reaction
that did not become violent. After the addition was complete (10-12 minutes),
an aspirator vacuum was applied to remove the solvent and phosphoryl
chloride. The solid yellow residue was recrystallized from benzene, affording
6.1 g (82%) of the product, mp 130.5-131°.

6.3.1.3. 2-Oxoheptanonitrile n-Pentylimine (Conversion of an Oxime Mesylate
to an Imidoyl Cyanide) (147)

A solution of 6-undecanone oxime mesylate (263 mg, 1 mmol) in 10 mL of
methylene chloride was cooled to —78° and treated successively with
trimethylsilyl cyanide (0.15 mL, 1.1 mmol) and diethylaluminum chloride

(2.1 mL of a 1 M hexane solution, 1.1 mmol). The reaction was warmed to
—20°, stirred for 1 hour, and poured into ice-cold 10% sodium hydroxide.

Extraction with m Mylpnp chloride and pllrifiratinn of the crude pmdllr"r h

Y104 ]
(91%) of the product as a colorless oil, IR: 2220, 1639 cm™.

6.3.1.4. 1-Thiomethoxy-N-phenylacetaldehyde Imine (Conversion of an Oxime
Mesylate to a Thioimidate) (147)

6.3.1.4.1. aration of Diisobutylaluminum Methanethiolate

Dimethyl sumiide (0.081 mL, 1.1 mmol) was added dropwise at 0° to a solution
of diisobutylaluminum hydride (1.1 mL of a 1.0 M solution, 1.1 mmol) in hexane.
The resulting solution was stirred at 0° for 30 minutes and used immediately.

6.3.1.4.2. Rearrangement Procedure

To a stirred solution of 231 mg (1 mmol) of acetophenone oxime mesylate in
methylene chloride at —78° was added 1.1 mmol of the aluminum thiolate
solution. After 5 minutes, the reaction was warmed to 0° and stirred for 1 hour.
The reaction was quenched by successive treatment with sodium fluoride
(185 mg, 4.4 mmol) and water (0.06 mL, 3.3 mmol). Vigorous stirring of the
resulting suspension was continued at 0° for 20 minutes and the mixture was
filtered. Concentration of the filtrate and silica gel chromatography (eluant ethyl
acetate) yielded 148 mg of the imino thioether (90%) as a colorless oil, IR:
1622; 'H NMR ( CCl,): 5 2.33 (s, 3H, SCHa), 1.95 (s, 3H, CCHs3).

6.3.1.5. 2-Methyl-6-undecyl-3,4,5,6-tetrahydropyridine [Rearrangement of an
Oxime Mesylate and Trapping by a Carbon Nucleophile (Organoaluminum
Reagent)] (147)



To a solution of 1.51 g (4.54 mmol) of 2-undecylcyclopentanone oxime
mesylate in methylene chloride at —78° was added 6.8 mL of a 2 M solution of
trimethylaluminum in toluene (13.6 mmol). After 5 minutes, the reaction was
warmed to 25° and stirred for 1 hour. Workup by the sodium fluoride method
described in the previous experiment and silica gel chromatography
(isopropylamine:ether 1:200) afforded 0.65 g (57%) of the imine as a light
yellow oil. IR: 1660 cm™. This material can be reduced with lithium aluminum
hydride-trimethylaluminum to give solenopsin A.

6.3.1.6. 2-n-Butylazacycloheptane [Rearrangement of an Oxime Mesylate,
Trapping by a Carbon Nucleophile (Grignard Reagent), and Reduction with
Diisobutylaluminum Hydride] (157)

To a solution of 185 mg (1 mmol) of cyclohexanone oxime mesylate in 5 mL of
dry toluene at —78° was added a solution of n-butylmagnesium bromide

(2.5 mmol, 0.5 mL of a 3 M ether solution). The reaction was stirred at —78° for
5 minutes and at 0° for 1 hour. Diisobutylaluminum hydride (2 mL ofa 1 M
hexane solution, 2 mmol) was added and the mixture was stirred at 0° for 1
hour. The reaction was poured into 40 mL of 5% sodium hydroxide, shaken
well, and centrifuged to remove the white gel. Extractive workup with
methylene chloride followed by column chromatography on silica gel

..... aaaalia o atlaa S GaLadaa adalaad 00 oo Q = oo o
BEEEEEEEEENNAGANGERNENA AN ddiSS AN
Ul1c UIl.

6.3.1.7. Pumiliotoxin-C [Rearrangement of an Oxime Tosylate, Trapping by a
Carbon Nucleophile (Organoaluminum Reagent), and Reduction with
Diisobutylaluminum Hydride] (147)

To a soluti f 384 mg (1.2 mmol) of cis-4  -methylhexahydroindanone
oxime tosylate in methylene chloride at 25° was added 3.6 mmol of
tri-n-propylaluminum (1.8 mL of a 2 M toluene solution). The resulting mixture
was stirred for 30 minutes at 25°, treated with 4.8 mmol of diisobutylaluminum
hydride (4.8 mL of a 1 M hexane solution), and stirred at 25° for 2 hours. The
reaction was quenched by diluting with methylene chloride, adding sodium
fluoride (0.6 g, 14.4 mmol) and water (0.2 mL, 10.8 mmol), stirring the resulting
suspension vigorously at 0° for 20 minutes, filtering, and concentrating the
filtrate. Silica gel chromatography of the residue
(isopropylamine:ether:methylene chloride 1:30:30) produced 135 mg (60%) of
the alkaloid as a colorless oil.

6.3.1.8. 2-Allyl-2-methylazacycloheptane [Rearrangement of an Oxime
Mesylate, Trapping by a Carbon Nucleophile (Organoaluminum Reagent), and
Addition of a Grignard Reagent] (147)

To a solution of 191 mg (1 mmol) of cyclohexanone oxime mesylate in 5 mL of
methylene chloride at —78° was added 2 mmol of trimethylaluminum (1 mL of a
2 M solution in toluene). After 5 minutes, the reaction mixture was warmed to
0° and stirred for 30 minutes. The solution was cooled to —78° and treated with



2 mmol of allylmagnesium bromide (1.67 mL of a 1.2 M ether solution) and
stirred at 0° for 1 hour. The reaction was quenched by pouring into 30 mL of
10% sodium hydroxide solution, shaking and centrifuging to remove the white
gel. Extractive workup with methylene chloride and silica gel chromatography
of the residue (isopropylamine:ether 1:50) furnished 92 mg (60%) of the
product as a colorless oil.

6.3.1.9. 2-(2-Oxo-n-octylidene)-6-methylazacycloheptane [Rearrangement of
an Oxime Mesylate and Trapping with a Carbon Nucleophile (Enol Silyl Ether)]
(159)

To a solution of 205 mg (1 mmol) of (E)-2-methylcyclohexanone oxime
mesylate and 220 mg (1.1 mmol) of 2-(trimethylsilyloxy)-1-octene in methylene
chloride at —78° was added 3 mmol of diethylaluminum chloride (3 mLofa 1 M
hexane solution). After 30 minutes at —78°, the reaction was stirred for 1 hour
at 20° and quenched with 10% sodium hydroxide. Methylene chloride
extraction and silica gel chromatography (ether:hexane 1:2) afforded 213 mg
(90%) of the vinylogous amide as a colorless liquid.

6.4. Ketoxime Fragmentations
6.4.1.1. 7-Cyanoheptamal (Fragmentation of an Alkoxy Oxime with
Phosphaorys Pentachloride)

LITTRRITNY g ded Lk
pentachloride, affording the title compound in 85% yield, is described in
Organic Syntheses. (233)

6.4.1.2. Senecionitrile (Fragmentation of an Alkoxy Oxime with Thionyl
Chloride) (387)

To a soluti f 4.3 g (27 mmol) of 2,2,5,5-tetramethyltetrahydrofuran-3-one
oxime in 40 mL of anhydrous ether at 0° was added dropwise 10 mL

(0.137 mol) of thionyl chloride. The resulting solution was kept overnight at
room temperature, quenched with methanol, and fractionally distilled. The
product boiled at 140-146°. The yield was 1.37 g (62%).

6.4.1.3. Methyl 3-[3-(2,3 B -dimethyl-4 8
-cyanomethylcyclopentenyl)]propionate (179) (Fragmentation of a Derivative
of Camphor Oxime with Trifluoroacetic Anhydride) (172)

To a solution of 10 g (41.8 mmol) of oxime ester 177 in 10 mL of methylene
chloride at 0° was added dropwise 10 mL (70.3 mmol) of trifluoroacetic
anhyride. The reaction mixture was slowly warmed to room temperature; after
a total of 4 hours, the olefin isomers were equilibrated by the addition of 10 mL
(41.67 mmol) of trifluoroacetic acid. The reaction mixture was stirred for 24
hours and concentrated in vacuo. The residue was taken up in ether and
washed with brine and potassium bicarbonate. The aqueous layers were
back-extracted with ether; the combined organic layers were dried with sodium



sulfate and concentrated. Vacuum distillation afforded 3.44 g of 179 (80%) as
a colorless oil, bp 88-90°/0.003 mm.

6.4.1.4. cis-5-Heptenonitrile (Fragmentation of a Trimethylsilyl ketoxime
Acetate with Trimethylsilyl Triflate) (204)

To a solution of 0.12 g (0.5 mmol) of
cis-2-methyl-3-trimethylsilylcyclohexanone oxime acetate (227) in anhydrous
methylene chloride at 0° was added dropwise 0.11 g (0.05 mmol) of
trimethylsilyl triflate. The mixture was stirred for 4 hours, quenched with 0.1 mL
of triethylamine and aqueous sodium bicarbonate and extracted with ether
(10 mL). The concentrated ether solution was purified by silica gel
chromatography to afford 53 mg (90%) of cis-5-heptenonitrile.

6.5. Aldoxime Fragmentations
6.5.1.1. p-Methylbenzonitrile (Fragmentation of an Aldoxime with Thionyl
Chloride) (75)

To a solution of 0.37 mL (5 mmol) of thionyl chloride in 10 mL of carbon
tetrachloride was added a solution of 0.675 g (5 mmol) of
p-methylbenzaldoxime in 10 mL of carbon tetrachloride. The reaction mixture
was stirred at room temperature for 12 hours, washed with 30 mL of water,
caoncentrated and distilled to afford 500 rn(i (8790) of n-methvibenzonitrile |

R-
HEENNENEEEANYRE I L1 HENNENER

6.5.1.2. Isobutyronitrile (Fragmentation of an Aldoxime with Titanium
Tetrachloride) (234)

To 200 mL of absolute dioxane at 0-10° was added 11 mL (0.1 mol) of
titanium tetfaghloride in 25 mL carbon tetrachloride to afford a yellow
precipitate. TO this suspension was added 16 mL (0.2 mol) of dry pyridine in
35 mL of dry dioxane followed by 4.35 g (0.05 mol) of isobutyraldehyde oxime
in 20 mL of dioxane. The reaction was stirred for 43 hours, quenched with

50 mL of water and diluted with ether. The aqueous layer was separated and
extracted with ether. The combined organic layers were washed with brine,
dried with magnesium sulfate, and distilled to give an 81% yield of the nitrile,
bp 107-108°.

6.5.1.3. Cyclohexylcarbonitrile (Fragmentation of an Aldoxime with Selenium
Dioxide) (235)

A mixture of 2.22 g (0.02 mol) of selenium dioxide and 2.54 g (0.02 mol) of
cyclohexane carboxaldoxime in 40 mL of chloroform was refluxed for 3 hours,
cooled, and treated with anhydrous calcium chloride. The reaction mixture was
filtered through diatomaceous earth and concentrated in vacuo. Distillation
afforded the nitrile in 82% yield, bp 66°/9 mm.

6.5.1.4. Benzonitrile (In situ Condensation—Fragmentation of an Aldehyde with
Hydroxylamine in Formic Acid) (236)



A solution of 1.07 g (0.01 mol) of benzaldehyde and 0.9 g (0.01 mol) of
hydroxylamine hydrochloride in 10 g of 95-98% formic acid was refluxed for 30
minutes. After cooling, the mixture was diluted with ice water (100 mL),
neutralized with 5% sodium hydroxide, and extracted with ether. The ethereal
extracts were dried with magnesium sulfate and concentrated to give 1.02 g
(99%) of the nitrile, bp 192°/760 mm.

6.6. Rearrangement—Cyclizations

6.6.1.1. 5-Chloro-2-methylbenzothiazole (Rearrangement-Cyclization of a
Ketoxime with a Thiol Terminator Using Polyphosphoric Acid) (208)

To 50 g of hot (120-130°) polyphosphoric acid was added 10 g (50 mmol) of
5-chloro-2-mercaptoacetophenone oxime in several portions. The mixture was
stirred at this temperature for 1.5 hours, cooled, and poured into water. Ether
extraction afforded 6.4 g (70%) of the crude benzothiazole, which was
recrystallized from petroleum ether, mp 63—65°.

6.6.1.2. 6-Hydroxy-2-methylbenzoxazole (Rearrangement-Cyclization of a
Ketoxime with a Hydroxy Terminator Using Phosphoryl Chloride) (207)

To a stirred solution of 4.2 g (25 mmol) of 2,4-dihydroxyacetophenone oxime
in 5 mL of dimethylacetamide and 15 mL of acetonitrile was added 2.4 mL

6 mmal) of nhosnhag ide at such a rate as to kppp’rhptpm erature.
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into 200 mL of ice water containing 6 g of sodium acetate. The crude
benzoxazole was collected by filtration (3.08 g, 83%) and recrystallized from
acetonitrile, mp 194-196°.

6.6.1.3. In [3,2-blisoquinoline (Rearrangement—Cyclization of an Aldoxime

with an Aromatic Ring Terminator Using Sulfuric Acid) (212)

A solution of 2.12 g (9 mmol) of 2-phenylindole-3-carboxaldoxime and 1.6 mL

of sulfuric acid in 90 mL of ethanol was refluxed for 1 hour, cooled, and poured
into 50 mL of ice water. The resulting solid was filtered and recrystallized from
benzene to give the product, mp 208-209°.

6.6.1.4. 1-Methyl-3,4-dihydroisoquinoline (Rearrangement—Cyclization of a
Ketoxime with an Aromatic Ring Terminator Using Phosphorus Pentoxide and
Phosphoryl Chloride) (215)

To a cold solution (0°) of 23.8 g (0.17 mol) of phosphorus pentoxide and 51.5 g
(0.34 mol) of phosphoryl chloride in 50 mL of sulfur dioxide in a 300 mL glass
pressure apparatus equipped with metal joints and stopcocks was added an
ice-cold solution of 5 g (0.034 mol) of benzylacetone oxime in 20 mL of sulfur
dioxide. The vessel was closed and the reaction mixture heated at 70° for 12
hours, cooled, and opened. The solvent was allowed to evaporate and the
residue was poured into ice water. The aqueous phase was washed with ether
to remove the Beckmann rearrangement product, rendered alkaline with
sodium hydroxide, and steam distilled. The distillate was again rendered



alkaline and extracted with ether. After drying with magnesium sulfate, the
concentrated ether layer was vacuum distilled (bp 95-105°/5-6 mm) to afford
2.0 g (45%) of product; picrate mp 188-190°.

6.6.1.5. 3-Benzylidene-2-methyl- A *-pyrroline (Rearrangement—Cyclization of
a Ketoxime with a Styryl Terminator Using Trimethylsilyl Polyphosphate (PPSE)
(217)

6.6.1.5.1. Preparation of Trimethylsilyl Polyphosphate

A mixture of 1.5 g (11 mmol) of phosphorus pentoxide, 3 mL (5 mmol) of
hexamethyldisiloxane, and 7 mL of carbon tetrachloride was refluxed for 1.5
hours and cooled.

6.6.1.5.2. Rearrangement-Cyclization Procedure

To the colorless trimethylsilyl polyphosphate solution was added 0.183 g

(2 mmol) of 6-phenylhex-5-en-2-one oxime. The reaction was refluxed for 7
hours and cooled. The solution was decanted and the gummy precipitate taken
up in two successive 5 mL portions of water. The carbon tetrachloride layer
was washed with 5 mL of 10% hydrochloric acid, which was added to the other
water layers. The combined aqueous layers were cooled to 0°, brought to pH 9
with 50% sodium hydroxide (1.5 mL) and extracted with chloroform. The dried

pic phase vielded an qil that was purified 2 Qe
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1645 cm’. *H NMR ( CDCls): & 2.19 (t, °J = 2.0 Hz, 3H) 2.6-2.9(br m, 2H),
3.7-4.1(br m, 2H), 6.67 (t, *J = 2.7 Hz, 1H), 7.1-7.5(m, 5H).

6.6.1.6. N-(3-Methyl-2-cyclohexenyl)aniline (Rearrangement-Cyclization of a
Ketoxime ylate with an Olefin Terminator Using Stannic Chloride, and
Reduction e Product with Diisobutylaluminum Hydride) (218)

To a solution of 281 mg (1 mmol) of 2-methyl-6-phenylhex-1-en-2-one oxime
mesylate in 10 mL of methylene chloride at —20° was added 0.13 mL

(2.2 mmol) of stannic chloride. After 5 minutes the reaction was warmed to 0°
for 1 hour and quenched by pouring it into 30 mL of 10% sodium hydroxide.
The mixture was extracted with methylene chloride and dried with sodium
sulfate. The filtered organic layers were concentrated to a volume of 10 mL,
cooled to 0°, and treated with 4 mL of a 1 M solution (4 mmol) of
diisobutylaluminum hydride in hexane. After stirring for 1 hour, the solution was
diluted with 20 mL of methylene chloride and quenched with 672 mg (16 mmol)
of sodium fluoride and 0.22 mL (12 mmol) of water. The resulting suspension
was stirred vigorously for 30 minutes at 25°, filtered, and concentrated.
Purification of the resulting oil by silica gel chromatography (eluant
ether:hexane 1:20) afforded 121 mg (65%) of the product as a colorless oil.

6.6.1.7. A *®.1-Octalone (Fragmentation—Cyclization of a Spiro Ketoxime
with an Olefin Terminator Using Polyphosphoric Acid) (221)
A mixture of 1.04 g (6.2 mmol) of spiro[4,5]decan-1-one oxime and 30 g of



polyphosphoric acid was heated at 125-130° for 10 minutes, poured onto ice,
and rendered alkaline with sodium hydroxide. Chloroform workup afforded
0.88 g (94%) of a yellow oil that was purified by alumina chromatography
(ether eluant); 2,4-dinitrophenyl-hydrazone, mp 264.5-265.5°.




7. Tabular Survey

The tables are arranged to correspond to the major sections in the “Scope and
Limitations” section, with the exception of “Fragmentations,” which are
subdivided into ketoxime and aldoxime fragmentations. Within each table,
entries are categorized by increasing number of carbons and hydrogens in the
ketone precursor to the oxime. Thus an oxime and its acetate, tosylate, and so
on are all found together. When the stereochemistry of the C = N bond is
indicated in the literature, it is shown in the tables. Substrates that give both
fragmentation and rearrangement products, for example, are entered in both of
the appropriate tables. The literature coverage is from 1958 to mid-1984. As
with any work of this kind, considerable effort has been made to be thorough.
My apologies are offered to those whose work has been inadvertently omitted.

Abbreviations used in the tables are as follows:

Acac acetylacetone

CgH17 (on a steroid D ring) CH(CHz)(CH2)3C3H7—i

DCC__dicyclohexylcarbodiimide
ANINENENENENEENEEFNEY ;thdt)l'w“h th_d;ulclIIIIIIIIIIIIIIIIIII

DMAC N,N-dimethylacetamide

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DHMPA hexamethylphosphoric triamide
LAH lithium aluminum hydride
Ms methanesulfonyl

Pet  petroleum

Pic picryl (2,4,6-trinitrophenyl)
PPA  polyphosphoric acid

PPE ethyl polyphosphate

PPSE trimethylsilyl polyphosphate
THF  tetrahydrofuran

Ts p-toluenesulfonyl

Table |. Rearrangements
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Table Il. Elimination—-Additions

View PDF

Table lll. Ketoxime Fragmentations

View PDF

Table IV. Aldoxime Fragmentations

View PDF

Table V. Rearrangement—Cyclizations
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The Persulfate Oxidation of Phenols and
Arylamines (The Elbs and the Boyland-Sims
Oxidations)

E. J. Behrman, The Ohio State University, Columbus, Ohio

1. The Elbs Oxidation: Introduction

A phenolate anion reacts with persulfate ion in alkaline solution to yield a
product in which a sulfate group enters the ring para or ortho to the phenolic
group. Para substitution predominates. Subsequent acid-catalyzed hydrolysis
yields the dihydric phenol.

o= 0~ 0"
O e — YO
~0,S0 0S0,~
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The reactiog/as discovered by Karl Elbs’ in 1893 (1) and named the Elbs
persulfate oxidation. (2) The reaction is generally applicable to ortho-, meta-,
and para-substituted phenols with isomer distributions as shown:

OH
OH OH OH
L — 1 -
R HO R R
OH
OH OH OH OH
— + +
HO OH
R R R R



The yields are not very high, particularly from para-substituted phenols, but the
major contaminant is usually unchanged starting material that can be
separated easily from the intermediate sulfate ester by solvent extraction.
Other generally oxidizable groups such as an aldehyde or a double bond are
usually not affected under the reaction conditions. The reaction was last
thoroughly reviewed in 1951. (3) Subsequent partial reviews include Refs. 4-8.
T. R. Seshadri [see W. Baker and S. Rangaswami, Biograph. Memoirs Fell.
Roy. Soc., 25, 505 (1979) and Fruton, loc. cit.,, p. 661] has made major
contributions to the development of the Elbs oxidation. Nearly 30% of the
references in this review are due to him and his colleagues.




2. Mechanism

Studies of the kinetics of the reaction (9-11) reveal a first-order dependence on
both persulfate and phenol and a positive salt effect. The relationship between
pH and reaction rate shows that the phenolate ion is the reactive species. Allyl
acetate, a reagent that reacts rapidly with sulfate radical ions, has no effect on
either the rate of disappearance of persulfate or the rate of product formation
(for o-nitrophenol as substrate). These data and the substituent effects
discussed below make it clear that the reaction proceeds via electrophilic
attack of the persulfate ion on the phenolate ion.

The observed ionic strength effect is consistent with a reaction between two

ions of the same charge. The phenolate ion is, of course, much more

susceptible to electrophilic attack than is the undissociated phenol.

Accordingly, the pH at which a maximum rate is achieved is dependent on the

pKa. The effect of a series of substituents on the reaction rate has been

reported, (10) and representative second-order rate constants are given in

Table A. Again, the substituent effects are in the expected direction for

electrophilic attack by the persulfate ion. The question of whether initial attack
EAEHUIRY ENCUNSYEE SR USUASCSUCSUSYAENNNENEN

settled. This point is discussed in further detail below.

Table A.ﬁpresentative Rate Constants for Reaction of Phenols and
Persulfate lon®

Substituent Rate Constant 10 k, (L mol™ s™)

H 1.93
0-NO; 0.15
m-NO; 0.32
0-CN 0.24
m-CN 0.38
0-CHO 0.53
m-CHO 0.73
0-COz 4.08
m-COz 0.55
o-Cl 1.60

m-Cl 0.58



o-Br 1.56

m-Br 0.64
o-l 2.12
m-| 0.66
o-F 1.61
m-F 1.25
0-CH3 8.42
m-CHj3 2.40
0-CaHo-t 16.40
m-C4Hg-t 1.63
0-OCHg3; 31.70
m-OCHjs 4.25

&Conditions: 30°, 1.7 M KOH, Ref. 10.
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There are, in addition, possibilities for electrophilic attack by persulfate at two
sets of ipso positions to give 4 and 5.

The final product could arise by direct attack at either carbon or oxygen (or an
ipso position) followed by rearrangement. The evidence bearing on the site of
initial attack rests principally on the kinetic effects of substitutents in the ortho
and meta positions. The overall correlation with Hammett substituent
constants is much better for the assumption of attack at oxygen (or the oxygen
ipso position) than for attack at carbon. Thus the order of reactivity of each pair
of ortho- and meta-substituted phenols (except for carboxylate) in Table A is




consistent with what would be expected on the assumption of attack at oxygen.
This conclusion is based on the fact that the substituent with the more negative
Hammett sigma constant should give the higher rate and that the relative rates
should be reversed depending on whether rate-limiting attack at carbon or
oxygen is assumed. (10) The principal contrary evidence (10) originally
adduced to support attack at carbon came from a comparison of the rates of
oxidation of 2,4- and 2,6-disubstituted phenols. Less reliance must be placed
on these data because the yields from para-substituted phenols are too low to
provide a basis for reliable conclusions. (12) This caveat also applies to
arguments in support of attack at oxygen based on the relative reactivity of
p-fluorophenol. (13) The preponderance of the evidence appears to support
attack at the phenolic oxygen followed by inter- or intramolecular
rearrangement.

Although para-substituted phenols react at normal rates, the yields of o-sulfate
are typically very low, and little unchanged starting material is generally
recovered. These yields can be substantially increased by increasing the
persulfate:phenol ratio, (14) in contrast to the result for ortho- and
meta-substituted phenols, where increasing the persulfate:phenol ratio usually
decreases the yield of p-sulfate. These facts argue for a pathway in which
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normal Elbs product nor reverts to starting material. It is possible to view
structures 3, 4, and 5 as intermediates of this sort. An ipso intermediate of type
5 has also been implicated in the reaction of persulfate with
2,4,6-trichlorophenol by the formation of substantial quantities of chloride ion
(12) and ime formation of 2,5-dihydroxy-3-iodo-4-methoxybenzoic acid by

persulfate ation of 2-hydroxy-3,5-diiodo-4-methoxybenzoic acid. (15)



3. Scope and Limitations

Phenols substituted with a wide variety of functional groups are successfully
oxidized by the Elbs procedure in spite of the large redox potential of
persulfate ion. This is due to the fact that, although persulfate ion is capable of
oxidizing many substituents, these reactions do not take place at significant
rates under the typical conditions of the Elbs oxidation. Alcohols, aldehydes,
and olefins are essentially inert to the action of persulfate at room temperature
and below in aqueous alkali. Some oxidative cleavage of the double bond of
stilbenes is reported, (16) but coumarins, which react as the
o-hydroxycinnamic acid dianions, generally give good yields (Table IV). Some
functional groups, however, undergo reaction with persulfate more rapidly than
do typical Elbs substrates. Among these are thiol groups, which are oxidized
by persulfate to disulfides. (17) Aliphatic amines also appear to be oxidized
sufficiently rapidly (to unknown products) to suggest effective competition with
the Elbs oxidation. (18) p-Nitrosophenol is oxidized to p-nitrophenol without
any observable formation of the o-sulfate. (19) For summaries of the reactions
of persulfate with a variety of organic substrates, see Refs. 8 and 20-22.

alkaline conditions, for example, 4-methoxycoumarins. (23, 24) When this
instability is due to reaction of the phenolate anion with oxygen, the difficulty
can be circumvented by working in an inert atmosphere. Thus
1,3,5-trihydroxybenzene is successfully oxidized under nitrogen, (25) and the
yield of 5,8¢etpydroxyflavone is increased 15% by purging the system with
nitrogen. (A6H0N the other hand, certain quinones react rapidly with hydroxyl
ion. The oxidation of 5-hydroxy-1,4-naphthoquinone (juglone) is unsuccessful
because of this fact. (27) Hydroquinone can be oxidized to quinhydrone by
persulfate. (28)

There are a number of other examples in which the substrate is recovered
unchanged (Table XV). It is not known why these compounds fail to react, but
perhaps increasing the persulfate:substrate ratio might be beneficial. (14)

3.1. Isomer Distribution

There are only a few reports on the isomer distribution in the Elbs persulfate
oxidation. (11, 29-32) Ratios of para to ortho isomers are reported for seven
subtrates based on isolated yields. (29) Table B lists those subtrates for which
ratios have been determined by methods that do not depend on the isolation
procedure. The para:ortho ratio is reported to increase with decreasing ionic
strength. (11)



Table B. Isomer Distribution

Products (Relative
Substrate Yield) Method Ref.

Phenol Hydroquinone (5.9-2.3), GLC 11
catechol (1)*
m-Hydroxybenzoic 2,5-Dihydroxybenzoic  GLC, HPLC 30
acid acid (8),
3,4-dihydroxybenzoic
acid (3),
2,3-dihydroxybenzoic
acid (1)
2-Pyridone 2,5-Dihydroxypyridine  Colorimetric 31
(11.5),
2,3-dihydroxypyridine
1)
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Ratios of para to ortho isomer determined by isolation are in the range 6-22
and are th ot widely different from the three examples determined by
analytical ods, with the following notable exception. In the oxidation of two
meta-substituted phenols, the 3,4-dihydroxy isomer could not be found. (29) It
has since been shown that this isomer is indeed formed in substantial
proportion. (30) Failure to detect it earlier was simply a result of the isolation
scheme.

3.2. Byproducts

Substantial quantities of apparently polymeric material of the humic acid type
have been noted as products in the persulfate oxidation of phenols. For
example a 40% vyield of a dark brown amorphous material is produced in the
oxidation of m-hydroxybenzaldehyde. (33) Similar observations have been
noted incidently throughout the literature, but the products have not been well
characterized. The only extensive studies show that dihydric phenols,
aminophenols, and even monohydric phenols such as phenol itself, o-cresol,
and salicylic acid all give rise to substantial quantities of “humic acids” when
oxidized at persulfate:phenol ratios greater than 1. (34, 35) It should be
recalled that the yield of the Elbs product (the sulfate ester) generally
increases as the persulfate:phenol ratio is decreased. (9) In addition to the
humic acids, biphenyls have been detected as byproducts, (36) especially with



activated phenols. These presumably arise from radical coupling reactions,
and their formation might possibly be prevented by the inclusion of radical
trapping agents such as allyl alcohol. The biphenyls, however, do not appear
to be formed in large quantities.




4. Comparison with Other Methods

Many methods exist for the synthesis of hydroquinones. A superb and extensive summary
can be found in Wedemeyer's volume of Houben-Weyl. (37) There are also less detailed
treatments. (38-42) The methods can be divided into those that involve replacement of
some substituent other than hydrogen and those in which hydrogen is replaced (direct
methods). The first group includes alkali fusion of halophenols and phenolsulfonic acids,
the Dakin oxidation of phenolic aldehydes and the related Baeyer—Villiger oxidation of
hydroxyacetophenones, diazotization and hydrolysis of aminophenols, the Bucherer
reaction, and hydrolysis of halophenols via Grignard reagents. The direct methods, which
include the Elbs oxidation, usually offer the considerable advantage of fewer steps from
starting material to product. Direct methods other than the Elbs oxidation include the use
of Fenton's reagent, oxidation by hydrogen peroxide or peracids, electrochemical
oxidation of phenols, reduction of quinones available by oxidation of phenols with Fremy's
salt, and three promising newer methods: (1) benzeneselenic anhydride oxidation of
phenols to o-quinones; (43) (2) an ortho-hydroxylation procedure (44) using copper(l)
chloride and oxygen in acetonitrile at 0-50° with yields of 70-90%; and (3) a
para-hydroxylation method (45) involving alkylation with cyclopentadiene, isomerization,
and finally oxidation with hydrogen peroxide in acetonitrile. These latter two methods have

BEEEEEEEENU RSN AL NN EEEEE NN NSNS

The Elbs oxidation remains a useful procedure, in spite of its generally moderate yields,
because of the simplicity of the process and the fact that the conditions for the synthesis
are compatible with a number of sensitive functional groups that might not survive other
procedures. ers the unique advantage that the sulfate ester is produced on the way to
the hydroquim. This means that the water solubility of the sulfate ester can be used to
advantage in separating the product from both unchanged starting materials and from
byproducts. Beyond this, the production of the unsymmetrical alkali-stable hydroquinone
sulfate ester can be used to synthetic advantage as it allows distinction to be made
between the hydroxyl groups in what otherwise might be a symmetrical molecule. (2)



5. Experimental Conditions

Most of the studies reported in the literature deal with isolated yields. There are
few consistent trends to be derived from these data. In a few reactions, yields
have been determined by an analytical method that is not subject to the
variables of a particular isolation method (Table B). The major factors that
have been shown to influence yield are pH, ratio of reactants, free-radical traps,
metal ion chelators, and, perhaps, ionic strength. In addition, small effects
have been noted by varying the temperature.

5.1. pH and Nature of the Base
The stoichiometry of the reaction is

R(H)OH + S,0%~ + 20H- — ~OROSO; + 803~ + 2H,0

One mole of alkali is needed to ionize the phenol and a second mole to
neutralize the proton displaced from the ring. A quantity of base less than this
requirement will decrease the yield correspondingly; the addition of alkali in
excess of this requirement appears to offer no advantage and may actually
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the base may influence the yield. Tetramethylammonium hydroxide is reported
to give better yields than either potassium hydroxide or sodium hydroxide in
some reactions. (46) Tetraethylammonium hydroxide gives much better yields
than does tetramethylammonium hydroxide in the oxidation of
5—hydroxyﬂm)ne. (26) Sodium hydroxide is reported to give better yields than

potassium roxide. (47)

5.2. Ratio of Reactants

With 2-pyridone as substrate, substrate:persulfate ratios in the range 10-20
give yields of 85—-90%; a 1:1 ratio gives a yield of only about 55%, and excess
persulfate sharply decreases the yield. (9) With phenol as substrate, however,
excess substrate appears to lower the yield slightly. (11) The reason for this
apparent discrepancy is not known. The former result is probably usually true
for ortho- and meta-substituted phenols since the monosulfate formed as the
initial product can undergo further attack by persulfate to yield a disulfate. (32,
48, 49) However, for four p-substituted phenols, increased yields are obtained
with a substrate:persulfate ratio of 0.3. (14)

Under typical synthetic conditions, the phenol will usually be the cost-limiting
component, so that it will seldom prove practicable to use excess phenol. The
presence of excess phenol during the initial stages of the reaction, at least, can
be achieved by adding a solution of the persulfate slowly to the solution of
phenol. Alternatively, one can add potassium persulfate as a solid to the



solution of phenol in alkali and take advantage of the fact that this salt
dissolves slowly relative to the sodium and ammonium salts. However,
improved yields can sometimes be obtained with the more concentrated
solutions of persulfate made possible by using the more soluble ammonium
salt. (50) At 20°, saturated solutions of potassium, sodium, and ammonium
persulfates in water are 0.17, 2.3, and 2.5 M respectively. (51)

5.3. Nature and Position of Ring Substituents

Reactions of a set of ortho-, meta-, and para-substituted phenols with
persulfate, using a colorimetric method to determine the dihydric phenol
produced following acid hydrolysis, show that the ortho- and meta-substituted
phenols give yields in the range 60—-75% regardless of the nature of the
substituent. (12) The yields from the para-substituted phenols are, however, in
only the 15-20% range.

5.4. Free-Radical Traps and Metal lon Chelators

The yield of 2-phenylhydroquinone from o-phenylphenol is increased by about
9% on the addition of allylbenzene to the reaction mixture and by about 5% by
the addition of ethylenediaminetetraacetic acid (EDTA). (50) Allyl alcohol
decreases the formation of dark-colored materials during the oxidation of
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between activated and deactivated phenols.

5.5. Temperature and lonic Strength

Temperature variation over the range 0—70° appears to affect the yield only
slightly, peﬁs by a decrease of 3-5% as temperature increases. The
oxidation ol Water by persulfate may be a competing reaction at the upper end
of this temperature range, especially for phenols that react very slowly. (52)

A significant drop in yield with an increase in ionic strength amounting to about
15% for an increase from 0.05 to 0.3 M is reported, (11) but this effect has
been questioned. (9) These studies should be repeated, using a wider range of
substrates.

5.6. Effects of Ferrous lon

It has been recommended that ferrous ion be added to reaction mixtures. (53)
This addition may have been rationalized on the assumption that the Elbs
oxidation is a free-radical process with ferrous ion serving as initiator. However,
it has since been shown that the reaction does not involve free-radical
intermediates and further that the addition of ferrous ion does not affect the
rate of the reaction. (9, 10) Indeed, there is evidence that metal ions reduce
the yield, presumably by the promotion of competing free-radical processes
leading to other organic products and also by direct consumption of persulfate.
(47) See, however, Ref. 53a.



5.7. Solvents Other Than Water

Although Elbs oxidations are usually carried out in agqueous solution, pyridine
(54) or 1,4-dioxane (10) can be used as cosolvents to aid in solubilizing certain
phenols. Kinetic studies in agueous mixtures of ethanol, tert-butyl alcohol, and
acetonitrile give linear plots of log k versus 1/D (where D is the dielectric
constant) with a negative slope. (55) There exists the possibility, as yet
unexplored, for carrying out the Elbs oxidation in pure organic solvents since
persulfate can be solubilized by crown ethers and quaternary ammonium salts.
(56)

5.8. Conditions for the Hydrolysis of Aryl Sulfates

Rate constants for the acid-catalyzed hydrolysis of a variety of aryl sulfates
vary by a factor of about 10 from the p-nitrophenyl sulfates (highest) to the
p-methoxyphenyl sulfates (lowest). (57) Hydrolysis takes place with cleavage
of the sulfur—oxygen bond. (58)




6. Experimental Procedures

6.1.1.1. Phenylhydroquinone (50)

A solution of 17.0 g (0.1 mol) of o-phenylphenol, 0.5 g (0.0017 mol) of EDTA,
34.0 g (0.85 mol) of sodium hydroxide, and 2.4 g (0.02 mol) of allylbenzene in
180 mL of distilled water was prepared. This solution was cooled to 5° and
kept under nitrogen while a solution of 22.8 g (0.1 mol) of ammonium
persulfate in 100 mL of distilled water was added over a period of 1 hour. The
resulting solution was kept at 5° for an additional 4 hours. Then 100 mL of
methylene chloride was added and the mixture acidified with 2 N HCI to pH 1.
A small amount of tar was filtered off on glass wool and the filter washed with
water. The filtrate was extracted with methylene chloride, after which the
aqueous phase was treated with 25 mL of concentrated HCI and hydrolyzed
on a steam bath for 1 hour under nitrogen. The solution was cooled and
extracted with methylene chloride (4 x 150 mL). Evaporation of the methylene
chloride left the product, which crystallized to give 7.9 g of brown crystals of
95% purity (38.4% vyield of pure product).

The yield dropped to 29% in the absence of allylbenzene and to 25% in the
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6.1.1.2. 2,5-Dihydroxypyridine (5-Hydroxy-2-pyridone) (31)

In this procedure, 38 g (0.4 mol) of 2-pyridone and 80 g (2 mol) of sodium
hydroxide were dissolved in 1.5 L of water. The solution was cooled to 5°, and
then 135 g%S mol) of potassium persulfate was added all at once. The

mixture wag sfirred for 20 hours while the temperature was allowed to rise to
20°. The reaction mixture was filtered, cooled, and brought to pH 0.75 with
concentrated sulfuric acid. The mixture was hydrolyzed at 100° for 30 minutes.
The hydrolysate was cooled to 5°, brought to pH 6.5 with 10 N sodium
hydroxide under nitrogen, and evaporated to dryness in vacuo. After a final
drying over phosphorus pentoxide, the salt cake was thoroughly extracted with
2-propanol in a Soxhlet apparatus. The 2-propanol extract was decolorized
with charcoal and then concentrated until crystals began to form. After
standing overnight at —10°, the solution deposited 19 g (42%) of crude
2,5-dihydroxypyridine, which, after two recrystallizations from ethanol, gave

8 g of nearly colorless crystals that darkened at 230° and decomposed at
250-260° without melting. UV (water) nm max ( € ): 230.5 (7390), 320 (5620).

The original procedure recommended the addition of 2 g of ferrous sulfate. As
discussed earlier, ferrous ion offers no advantage and indeed merely
decreases the yield by reduction of persulfate.

6.1.1.3. Hydrogen Cytosine-5-sulfate Monohydrate and 5-Hydroxycytosine
(59)



To a solution of 2 g (0.018 mol) of cytosine in 100 mL of 1.0 N KOH was added
7.3 g (0.027 mol) of potassium persulfate. The solution was stirred at 25° for
18 hours. The pale yellow solution was acidified by the addition of 9 mL of
concentrated HCI with cooling. Hydrogen cytosine-5-sulfate precipitated from
the solution. It was washed with cold water, acetone, and ether to give 3.3 g
(89%) of crude material. One recrystallization from 45 mL of water gave 2.6 g
(70%) of pure product as the monohydrate. UV (water, pH 6.8) nm max ( € ):
277 (5400).

A 3-g sample of hydrogen cytosine-5-sulfate monohydrate (0.014 mol) and

7 mL of 6 N HCI was heated in a boiling water bath for 15 minutes. Cooling
produced 2 g (85%) of 5-hydroxycytosine hydrochloride. This material was
dissolved in 30 mL of warm water and the pH adjusted to 7 with 4 N potassium
hydroxide. The precipitate of 5-hydroxycytosine (1.2 g, 77%) was washed with
water, acetone, and ether. UV (water, pH 6.8) nm max ( € ): 288 (5000).

6.1.1.4. 5,8-Dihydroxy-3-ethoxy-7,3",4",5-tetramethoxyflavone (60)

To a solution of 1.4 g(0.0035 mol) of
5-hydroxy-3-ethoxy-7,3',4',5"-tetramethoxyflavone in 20 mL of pyridine was
gradually added a solution of 1 g of potassium hydroxide in 250 mL of water.
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acidified, filtered, and then extracted three times with ether to remove

unchanged starting material. Concentrated HCI (25 mL) and sodium sulfate

(2 g) were then added to the aqueous phase, and the mixture was heated on a

boiling waterbath for 30 minutes. A yellow precipitate of product separated.

This was ciﬁ)ined with some further material obtained by ether extraction to

yield 0.7 g (48%) of product. Recrystallization from ethanol gave deep yellow

short needles, mp 190-192°.

6.1.1.5. 5,8-Dihydroxy-2-methyl-4',5"-dihydro[furano-3¢2¢:6,7-chromone](8-Hy
droxydihydronorvisnagin) (61)

To a solution of 19 of dihydronorvisnagin
(5-hydroxy-2-methyl-4',5'-dihydro[furano-3',2":6,7-chromone]) in 20 mL of
pyridine and 18 mL of 10% aqueous tetramethylammonium hydroxide was
added 2.2 g of potassium persulfate dissolved in 150 mL of water during 4
hours. The reaction mixture was kept for 20 hours under nitrogen at 15-20°.
The deep red solution was then acidified to pH 2 (Congo red) and filtered to
remove 0.4 g of a brown precipitate. The filtrate was extracted twice with ether,
the ether evaporated, and the residue combined with the brown precipitate.
The combined residues were extracted with chloroform. On chromatographic
purification of the chloroform solution on alumina, 0.3 g of starting material was
recovered.

The aqueous filtrate was treated with 2 g of sodium sulfite, 30 mL of



concentrated HCI, heated for 30 minutes at 90°, and cooled. Extraction with
ether (5 x 30 mL) gave 0.45 g (42%) of 8-hydroxydihydronorvisnagin, which,
following treatment with Norit, crystallized from methanol containing sulfurous
acid in deep yellow thin plates, mp 260-262°.




7. The Boyland-Sims Oxidation: Introduction

By analogy with the Elbs persulfate oxidation of phenols, it might be expected that
aromatic amines would react with persulfate to give p-aminoaryl sulfates. Although the
Elbs reaction had been known since 1893, it was not until 60 years later that Boyland et al.
(62) reported the extension of this reaction to aromatic amines. In accordance with
expectations, aminoaryl sulfates were indeed the major products of the reaction, but,
unexpectedly, the substitution took place exclusively ortho to the amino group rather than
predominantly in the para position as in the phenol oxidation. Para substitution takes
place only if the ortho positions are occupied by substituents other than hydrogen.
Boyland and Sims explored the preparative aspects of this reaction in a series of papers.
(16, 62-65) It seems appropriate to name the reaction the Boyland—Sims oxidation. (66)
Primary, secondary, and tertiary aromatic amines are all converted to the corresponding
o-aminoaryl sulfates under conditions similar to those used for the Elbs oxidation, that is,
room temperature or below, aqueous alkali, and equimolar quantities of amine and
persulfate.




8. Mechanism

The mechanistic evidence favors a polar rather than a free-radical reaction
involving electrophilic displacement by the peroxide oxygen on the
unprotonated amine. (66) In particular, radical traps have no effect on either
the rate or extent of product formation. However, a single electron transfer
mechanism is possible provided that the radicals are confined to a solvent
cage. (66a) The rate law, like that for the Elbs persulfate oxidation, is

v= K[S;0 " [lamine]. Selected rate constants are given in Tables C—E. The
exclusive ortho orientation of the entering sulfate group could, in principle,
arise from attack at the (1) ortho carbon atom assisted by interaction with the
amino group (6), (2) nitrogen atom followed by rearrangement (7), or (3) ipso
carbon atom followed by rearrangement (8).
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Table C. Selected Rate Constants for Oxidation of Primary Anilines by
I:I Persulfate *

Rate constant 10° k, (L mol™ s™)

Substituent (o] m p
— H 12 12 12
—OCH; 56 17 165
—CHjs 27 18 32

— F 4 5 17
—ClI 3 5 15
—COz 3 3 4

— NO2 0.15 1 0.3

4Conditions: 30°, pH 7, 20% aqueous ethanol (v/v). (67)



Table D. Selected Rate Constants for Oxidation of Primary, Secondary,
and Tertiary Anilines by Persulfate *

Substrate Rate Constant, 10k, (L mol™s™
Aniline 5
N-Methylaniline 70
N,N-Dimethylaniline 28

4Conditions: 30°, pH 7, 50% aqueous ethanol (v/v). (68) The data in Ref. 69 suggest that rate
constants obtained in 50% ethanol can be converted to those expected in 20% ethanol by
multiplying by a factor of about 2.

Table E. Rate Constants for Oxidation of Substituted
N-Dimethvlanilines by Persulfa
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Substituent Rate Constant, 10% k, (L mol™ s™) Ref.

4-OCHs 915 70
OCHjs 18 70
4-CHj 38.5 70
3-CHs 24 70
4-Cl 18 70
2-CHs-4-Cl 1.8 71
2-CH3-3-Cl 1 71
2,4-(CHa), 25 71
2,3-(CHs)2 2.1 71

4Conditions: 30°, pH 7, (70) or 0.1 M KOH, 50% aqueous ethanol (v/v). (71)

The observed effects of substituents on the rate of reaction eliminate
rate-limiting attack at the ortho carbon atom (66-71) for primary and tertiary
anilines. The choice between the other two possibilities appears to have been
solved for tertiary anilines and may be generally applicable. Intermediate 7,



R = methyl, was synthesized and was shown under the reaction conditions not
to rearrange to the o-sulfate but rather to hydrolyze as shown. (72) Inasmuch
as the substituent effects for a series of tertiary anilines are the same as those
for primary anilines, ipso attack followed by rearrangement seems the most
likely alternative. (70, 71)

N(CH,),080; N(CH,),
Y no, @” LU s msso,

When a substrate such as 2,6-dimethylaniline is oxidized, the para sulfate is
formed. This might occur either by direct attack of persulfate at the para carbon
or by an intermolecular rearrangement. Kinetic measurements of the oxidation
of 2,6- and 2,4-disubstituted anilines would be revealing. Since no
p-substituted products are ordinarily formed, direct attack at the para position
must be slow compared with the rate of ortho substitution. If, however, the rate
of oxidation of the 2,6 isomer is approximately equal to that of the 2,4 isomer
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rearrangement.

[]



9. Scope and Limitations

The Boyland-Sims oxidation of aromatic amines is not as well represented in
the literature as the Elbs oxidation of phenols. Consequently, the scope and
limitations of the reaction are less well known. The general limitations on the
Elbs oxidation apply since the two reactions are usually carried out under
similar conditions. The principal possible difference in the reaction conditions
(although most Boyland—Sims reactions have been run in dilute alkali) is due
to the widely different values for the pK, of typical aromatic amines compared
with phenols: phenol has a pK, of 10, while aniline has a pK, of 4.6. Thus,
while the Elbs oxidation of phenol should be run above pH 11, the
Boyland—-Sims oxidation of aniline can be carried out at neutrality because the
reactive species are the phenolate anion and the uncharged amine,
respectively. Therefore, the Boyland—Sims reaction can be performed in the
presence of alkali-sensitive functional groups, in contrast to the Elbs oxidation.

Overall yields in the Boyland—Sims oxidation appear to be lower than those in
the Elbs oxidation. Thus 2-pyridone gives a yield of 85% of
2,5-dihydroxypyridine, (9) in contrast to a yield of 55% of
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attribute this difference to the more facile formation of condensation polymers
of the humic acid type from aromatic amines.

9.1. Isomer Distribution

When thereds a free ortho position, ortho substitution is generally exclusive,
although srall quantities of para-substituted products have been detected in
the oxidations of three related anilines: anthranilic acid, o-aminoacetophenone,
and kynurenine. (64) 3-Methylindole is attacked at all free positions in the
benzene ring and so may be reacting by a different mechanism. (74) The ratio
of the two possible ortho isomers for meta-substituted anilines has not been
studied to any extent; however, the 6-sulfate (the least sterically hindered) is
the major product in the oxidation of 3-methylaniline and 3-chloroaniline. (63)

9.2. Byproducts

In addition to sulfation of the ring, competitive oxidation reactions occur at the
nitrogen atom. A number of these byproducts have been isolated under typical
Boyland—-Sims conditions; others, under more acidic conditions and include
imines, quinones, and their condensation products. The final stages of
condensation are a humic acid-like polymer. Typical structures are shown in
Table F. While the structures of these products are well established, the
mechanisms by which they are formed are not well understood. Kinetic
investigations of the formation of these colored products have been carried out
by monitoring the increase in absorbance in the vicinity of 400 nm. (75-81)
Mechanistic schemes for the reaction based on these studies include the



following points: (1) there is some free-radical involvement as judged by the
inhibitory effects of allyl acetate and allyl alcohol; (81) (2) the rates are first
order in both amine and persulfate, but the derived second-order “constants”
are a function of initial concentrations; (81) (3) electron-withdrawing
substituents generally increase the rate, although there is conflicting evidence
on this point, (79, 80) especially by the fact that the protonated amine is
unreactive (78-81a); and (4) the quantity of polymer increases with increasing
persulfate:amine ratio. (81) Resolution of some of the conflicting evidence may
lie in the interpretation of the kinetic data. The method measures the formation
of both the imine and quinone intermediates as well as the condensation
products. The reactions leading to these products probably have different
electronic requirements. Attack by persulfate at the amine nitrogen is probably
accelerated by electron-donating substituents on the ring, while the
condensation reactions leading to polymer formation could be dominated by
the electrophilicity of the quinones formed in the initial reactions. It is not clear
at what stage free radicals are involved, but it must be remembered that allyl
acetate has no effect on the rate of disappearance of persulfate so that radical
involvement must follow any steps requiring persulfate.
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Only brown amorphous material is formed from the persulfate oxidation of
2-aminofluorene and 4-amino-4¢-fluorobiphenyl, while 2-aminoanthracene,
2-aminoanthraquinone, 2-aminochrysene, and 4-aminoazobenzene all fail to
react appreciably. (16) Likewise, 4-dimethylaminostilbene is not attacked,
except with some cleavage of the double bond to Vvyield
4-dimethylaminobenzoic acid. (16)

A tentative overall view of the reactions between persulfate and aromatic
amines can be seen as a partitioning of products due to competition between
attack at the ipso carbon atom leading to ring sulfation (the Boyland—Sims



oxidation) and attack at nitrogen leading eventually to polymeric products.




10. Comparison with Other Methods

The principal alternative methods for synthesis of aminophenols are the reduction of
nitrophenols and diazophenols. Summaries of methods for the synthesis of aminophenols
are to be found in Refs. 37, 38, 40, 41, 82, and 83. Monoperphosphoric acid reacts with
some aromatic amines (only a few have been looked at) in the presence of carbonyl
compounds and acid to give aminophenols and their O-phosphate esters. (83a) The
advantage of the Boyland—Sims oxidation lies in the mild conditions under which it can be
run. While the yields for some compounds are respectable, generally better yields are
often obtained by these other methods.




11. Experimental Conditions

Experimental conditions have been varied in only a few studies. The only
factors known to influence the yield are the ratio of reactants and pH. The yield
of sulfate ester drops markedly as the amine:persulfate ratio is decreased. (66)
Concomitantly, the yield of polymeric product increases. (78) The yield of
sulfate ester falls as the pH is increased, (66) but this might conceivably be an
ionic strength effect. Considering the stoichiometry of the reaction, however, in
the absence of other data, it would appear prudent to use no more than 1
equivalent of base.

_NH,
HO™ +5,0§” + R(H)NH, — H,0 + SO}~ + R{_
0S0;

The reaction can be carried out in water or in acetone—water mixtures. Other
water—solvent mixtures can be used as well, but the rate of reaction decreases
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influence the yield over the range 30-50°. (66)
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12. Experimental Procedures

It has been the usual practice, in contrast to the Elbs oxidation, to isolate the
intermediate sulfate and subsequently hydrolyze it to the aminophenol.

The general procedure is as follows. (63) The amine (5 g) in water (250 mL) is
brought into solution by the addition of acetone, or, in the case of amines
containing an acidic group, by the addition of 2 N sodium or potassium
hydroxide. Sodium or potassium hydroxide (2 N, 20% molar excess) is added,
followed by 1 molar equivalent of persulfate in aqueous solution during 8 hours
with continuous stirring. The mixture is kept overnight, evaporated to 200 mL
under reduced pressure, and filtered. The solution is washed with ether and
further treated according to the nature of the amine. Toluidine o-sulfates can
be extracted from the ether-washed solution with butanol, aminobenzoic acid
o-sulfates can be isolated by extracting the dried reaction mixture with
methanol, and some sulfates can be crystallized directly from the
ether-extracted reaction mixture (diphenylamine o-sulfate). The aminophenol
is then formed by acid-catalyzed hydrolysis of the sulfate.
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not been reported.

12.1.1.1. o-Dimethylaminophenyl Hydrogen Sulfate and
o-Dimethylaminophenol (62)

N,N-Dimet niline (5 g, 0.04 mol) in a mixture of 250 mL of water, 400 mL of
acetone, attﬁao mL of 2 N potassium hydroxide (0.06 mol) were mixed with a
saturated aqueous solution of 11.2 g of potassium persulfate (0.04 mol) and
the mixture stirred for 8 hours at room temperature. The mixture was kept
overnight, filtered, concentrated to 250 mL, washed with ether (3 x 150 mL),
and then evaporated to dryness under reduced pressure. The residue was
extracted with hot 95% ethanol (3 x 50 mL). The combined extracts were
diluted with 1.5 L of ether, yielding o-dimethylaminophenyl potassium sulfate
(4.2 g, 40%), which was recrystallized from 95% ethanol.

The potassium salt (0.46 g) was dissolved in 2 mL of water and treated with
2 mL of concentrated HCI to yield o-dimethylaminophenyl hydrogen sulfate
(0.31 9, 82%). Recrystallization from aqueous ethanol gave prisms, mp
217-219° (dec.).

The hydrogen sulfate (0.4 g) was heated at 100° with concentrated HCI (5 mL)
for 1 hour, and the solution was then cooled to near 0° and partially neutralized
with 2 N NaOH. o-Dimethylaminophenol (0.21 g, 83%) separated as needles,
mp 44-45°, which was raised to 46° by crystallization from aqueous ethanol.



13. Tabular Survey

The literature has been searched through mid-1984. Some oxidations of
phenols and aromatic amines may have been missed because they were not
indexed if incidental to the principal theme of the reference. In addition to
Chemical Abstracts, the ISl citation index was found very valuable.

In each table, entries are arranged in order of increasing number of carbon
atoms and, within each carbon-number group, in order of increasing number of
hydrogen atoms. Yields are given in parentheses, and conversions based on
recovered starting material are in brackets. Yields marked with a double
dagger () are for the phenol sulfate ester; those marked with an asterisk (*)
were determined by a chromatographic or colorimetric procedure. A dash in
parentheses (—) in the yield column indicates that no yield was reported.
Since most reactions have been carried out under similar conditions, no details
are given in the tables. Table XV lists a number of unsuccessful oxidations
together with comments.
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