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Preface

The present volume, the thirty-fourth in the series, surveys research on organic reac-
tion mechanisms described in the literature dated December 1997 to November 1998.
In order to limit the size of the volume, we must necessarily exclude or restrict
overlap with other publications which review specialist areas (e.g. photochemical
reactions, biosynthesis, electrochemistry, organometallic chemistry, surface chemistry
and heterogeneous catalysis). In order to minimize duplication, while ensuring a com-
prehensive coverage, the Editors conduct a survey of all relevant literature and allocate
publications to appropriate chapters. While a particular reference may be allocated to
more than one chapter, we do assume that readers will be aware of the alternative
chapters to which a borderline topic of interest may have been preferentially assigned.

There has been only one change of author since last year. We welcome Dr C. Bedford
as author of Reactions of Carboxylic, Phosphoric and Sulfonic Acids and their Deriva-
tives. He replaces Dr W.J. Spillane, whose major contribution to the series, through
provision of expert reviews since 1983, we wish to acknowledge.

We regret that publication has been delayed by late arrival of manuscripts, but
once again wish to thank the production staff of John Wiley & Sons and our team
of experienced contributors (now assisted by Drs J. Sherringham, P. Dimopoulos and
D. P. G. Emmerson) for their efforts to ensure that the standards of this series are
sustained.

A.CK.
W.EW.

vii
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Formation and Reactions of Acetals and Related Species

A comprehensive ab initio computational study of the anomeric effect in 1,3-dioxa
systems has been designed to quantify anomeric effects in such compounds.! Energy
changes associated with O-protonation (and deprotonation, where relevant) have been
calculated for tetrahydropyran, its 2-hydroxy derivative, and for 1,3-dioxane, together
with acyclic comparators such as methanol, dimethyl ether, and methoxymethanol. All
major conformations have been treated and their geometric parameters quantified. The
3-oxaalkoxides exhibit a preference for axial (n,) over equatorial (n,) protonation,
by 2—3kcal mol~!. The COCOC acetals are stronger bases (at the acceptor oxygen)




2 Organic Reaction Mechanisms 1998

than the simple ethers. Thus the anomeric effect plays an important role in the charged
species.

When trifluoroacetaldehyde ethyl hemiacetal [F3CCH(OH)OELt] is treated with
enamines in hexane at room temperature, it provides a source of the aldehyde
under mild conditions.” Subsequent reaction with the enamine can be used to
prepare B-hydroxy-B-trifluoromethyl ketones, F3CCH(OH)CH,COR. The enamine
plays successive roles as base, ammonium counterion, and then carbon nucleophile as
the sequence proceeds.

Two stereochemically defined isomeric benzaldehyde acetals, (R)- and (S)-
ArCH(OMe)(OPr), undergo methyl-for-methoxy nucleophilic substitution to give the
corresponding isopropyl ethers, ArCH(Me)(OPr'), using Me,CuLi—BF;.0Et,.> The
degree of racemization observed indicated that the major route was Sy1, with free
oxonium ion. The method relies on the acetal carbon being the only stereogenic
centre.

The mechanism of inhibition of cysteine proteases by a tetrahydropyranone inhibitor
has been probed using '3C NMR labelling studies.* The carbonyl-labelled inhibitor (1;
R = CO*CHBnNHCOCH,CH,CO;Me), is in equilibrium with its hydrate (2). Addi-
tion of the enzyme papain gives a new '3C signal consistent with a ‘hemithioketal’ (3).
The diastereomers of (1) have been separated, and although their absolute configura-
tions have not been established, one of them inhibits the enzyme with a K; of 11 um
(i.e. a binding constant of 9.1 x 10* mol™"). The structure of the enzyme—inhibitor
complex is proposed to mimic the tetrahedral intermediate formed during peptide
hydrolysis.

0 S-Enz
/

HO OH HO
N I N
RHN_ 13C RHN_ 13C RHN_ 13C
O (0] (0]
) D 3

)

Methylcyclopropanone hemiacetal (4) undergoes an asymmetric Strecker reaction to
give (IR, 2S)-(+)-allo-norcoronic acid (5) in good yield and high de.’ The induction
depends on the use of a chiral amine [e.g. (5)-a-methylbenzylamine] to control the
face on which the intermediate iminium cation (6) is attacked.

H
/
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meso-1,2-Diols have been desymmetrized to their monobenzyl ethers in >99% ee
and up to 97% yield by converting them to their norbornene acetals and then carrying
out an intramolecular halo-etherification under kinetic control.®

Cyclodextrins slow the rate of hydrolysis of benzaldehyde dimethyl acetal,
PhCH(OMe),, in aqueous acid as the substrate binds in the cyclodextrin’s cavity,
producing a less reactive complex.” Added alternative guests compete for the binding
site, displacing the acetal and boosting hydrolysis.

N,N-Dialkylformamide acetals (7) react with primary amines to give the cor-
responding amidines (8). Kinetics of the reaction of a range of such acetals with
ring-substituted anilines—previously measured in neutral solvents such as methanol
or benzene®—have been extended to pyridine solution.®® In pyridine, the reactions
are irreversible, with first-order kinetics in each reactant, and mechanistically different
from those in non-basic solvents. Two mechanisms are proposed to explain Hammett
plots for a range of anilines, in which the p value switches from negative to positive
at a o value of ca 0.5. The pyridine solvent substantially enhances the rate in the case
of very weakly basic anilines.

R! OR? R\l
N + H,NR3 N—\ (+ 2 R?0H)
R! OR? R! N—R?

@) ®

A hypervalent iodine(IIl) reagent, Ph—I=0, together with TMS-azide, promotes
direct o-azidation of cyclic sulfides: the reaction opens up a route to unstable N,S-
acetals.’

Reactions of Glucosides and Nucleosides

Two azolopyridines (9a, 9b; X = N, CH) have been employed as transition-state
analogue inhibitors of retaining B-glycosidases, and of glycogen phosphorylase.'”
The roles of catalytic carboxylic acid and carboxylate groups in the B-glycosidases
have been calculated; (9a) strongly inhibits such enzymes, while (9b) has a weaker
effect. The difference is ascribed to (i) protonation of (9a) by enzymic catalytic acid
[versus (9b), which has N replaced by CH] and (ii) a contribution from a charge-
dipole interaction between the enzymic catalytic carboxylate nucleophile and the azole
ring. The enzyme—inhibitor complexes were shown to be structure-invariant by X-ray
crystallography. Calculations of the relative contributions of factors (i) and (ii) above
to the difference in inhibition produced by the two compounds agree well with kinetic
studies with both enzyme types.

Thioglycosides are not subject to acid-catalysed cleavage by glycosyl hydrolases:
this effect, which allows them to act as inhibitors, is generally ascribed to their lower
basicity.!'* However, calculations on conformational changes in the model compounds
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OH
N/NQN 0
I
HO =X Me” ™ <~
HO OH

9) (10)
a; X=N a;X=0
b; X=CH b; X=S

(10a, 10b; X = O, S) accompanying protonation indicate that, whereas protonation of
the acetal leads to spontaneous collapse to the oxocarbenium ion, the corresponding
protonation of the thioacetal yields a stable species.'!®

Substituent effects on the endocyclic cleavage of glycosides by trimethylaluminium
have been explained in terms of a cyclic C—H - - - O hydrogen-bonded intermediate.'?

Reactions of Ketenes

1,2-Bisketenes (11) can decarboxylate and then ring close to give cyclopropenones
(12); subsequent further decarboxylation yields alkynes (13).!3 A theoretical study
shows that the first reaction is favoured by electronegative substituents, whereas
electropositive substituents favour the second. The calculations do not indicate con-
clusively whether cyclopropenone formation is concerted, or proceeds via a syn-
ketenylcarbene (14).

11) 12) 13) 14)

Amination of ketene has been studied by ab initio methods.'* Reactions of ammonia,
its dimer, and its (mono)hydrate with ketene have been calculated and compared
with earlier studies of ammonia (at lower levels of theory), of water, and of water
dimer. In general, the results favour initial addition of ammonia to the C=0 bond
(giving the enol amide), as against addition to the C=C bond (which gives the amide
directly). Amide formation is compared with the corresponding hydration reaction
where enol acid and acid are the alternative immediate products. Most of the reactions,
i.e. both additions and tautomerizations, are suggested to involve cyclic six-membered
transition states.

Hydration of carbodiimide (HN=C=NH) is described under Imines below.
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Formation and Reactions of Nitrogen Derivatives
Imines

Two theoretical investigations of the condensation of formaldehyde and methylamine
to form N-methylmethanimine (H,C=NMe) have examined the reaction in the gas
phase, and also considered the addition of discrete numbers of water molecules.'>
Various methods have been employed to quantify solvation-free energies for formation

of the zwitterion H2C(O’)—l4\—IH2Me. In the gas phase, no minimum exists for C—N
separations less than that found for the van der Waals complex, but a stable zwitterion
is found when two water molecules are included.!®> Such specific inclusion of water
has been extended to calculation of all of the barriers in this system.'®

The factors involved in the attack of nitrogen nucleophiles on carbonyl compounds,
e.g. the pK, of the nitrogen, and the thermodynamics of the formation of neutral (T%)

versus zwitterionic (Ti) tetrahedral intermediates, have been discussed in terms of
their influence on the form of the pH—rate profile.!”

The catalysis of the addition of a water molecule to carbodiimide (HN=C=NH)
has been investigated by computational methods, with the number of water molecules
being varied.!® The activation barrier is lowered by 11.6kcalmol~' with a second
water molecule (similar to many such hydrations, e.g. those of CO,, H,C=C=0, etc.)
as a strained four-membered ring is expanded to six atoms. However, a third water
molecule lowers the barrier by a further 9.2 kcal mol~!, and this occurs not by forming
an eight-membered ring (which is worth little in energy terms), but through a second
cyclic network [as in (15)].

H H H H
~ -7 ~ 7 S
o) o) 0 H.
| I | NH NH o F
H. _C. _H H0
o
H H
1s) (16) a7

Several cyclopropylimines have been synthesized and their reactions with a range
of nucleophiles have been investigated.'® Mild hydrolysis of diimine (16) produces,
amongst other products, the B-ketoimine (17), stabilized by intramolecular hydrogen
bonding.

The binding of pyridoxal 5'-phosphate (vitamin Bg) to enzymes has been modelled
using homo- and co-polypeptides containing L-lysine as a source of reactive amino
groups. This has now been extended to reaction of pyridoxal with polyallylamine, with
the polymer acting as a control that cannot provide amido -CO- or -NH- functions
to stabilize the Schiff base products,?’ as occurs in enzymes and polypeptides. Rate
constants for the formation and hydrolysis of the imines have been measured and inter-
preted in terms of formation of the carbinolamine (in its neutral or zwitterionic form),
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its conjugate acids, and subsequent dehydration. An acid-catalysed intramolecular pro-
cess is ruled out, and carbinolamine formation is the rate-determining step, partly due
to the effects of the hydrophobic macromolecular environment. Comparisons with
enzymatic or polypeptide reactions with rate-limiting dehydration of carbinolamine
are thus inappropriate.

Isoniazid, carbidopa, and hydralazine are hydrazine derivatives with therapeutic
uses. They form Schiff bases with pyridoxal 5'-phosphate, and rate constants for their
formation and hydrolysis have been measured in aqueous solution;?! pH—rate profiles
are reported and compared with that of hydrazine itself.

The kinetics of reactions between aroylpyruvic acids, ArCOCH,COCO,H, and
arylamines in toluene show evidence of several mechanistic features: intramolecular
carboxyl catalysis, and catalysis by a second molecule of nucleophile, either on its own,
or in concert with an (external) carboxylic acid.”?> An extended solvent study shows
an increase in the efficiency of the aforementioned intramolecular carboxyl cataly-
sis with decreasing polarity of the solvent.?* Hydrolysis of the related -keto esters,
methyl 4-aryl-2-arylamino-4-oxobut-2-enoates [ArCOCH=C(NHAr)CO,Me] in aque-
ous dioxane is subject to general acid catalysis.?*

The condensation of 5-chloro-2-amino-benzothiazoles and -benzoxazoles with
a-bromoketones, P\NCOCH(Br)R (R = H, Me, Et, 4-C¢H4SO,Me), produces a range
of fused heterocycles;?> the mechanisms involved have been investigated by isotopic
labelling.

Alkaline hydrolysis of the hypnotic/anxiolytic drug diazepam yields 2-methylamino-
5-chlorobenzophenone and its imine, via a dioxide intermediate.20

Several reports feature asymmetric synthesis using imines, particularly with
organometallics. A chiral sulfoxide lithium salt, p-tolyl—S*(O)—CH,Li, has been
added diastereoselectively to a series of trans-aldimines, RF—CH=N—C¢H,;— p-OMe
(RF = CF;, C,Fs, CF,CHF,).?® The sulfoxide can be detached from the adduct
to yield chiral amines, amino alcohols, or amino acids. Addition is under kinetic
control, in contrast to similar imines which do not contain such fluoro substituents.2’?
Organolithiums have also been added enantioselectively to imines using C,-symmetric
bis(aziridine) ligands.”

Additions of organometallics to the C=N bond of imines, oximes, hydrazones,
and nitrones have been reviewed,” with emphasis on the issues of reactivity and
selectivity. Recent advances in enantioselective addition to imines of ketones are
highlighted.

The use of enantio- and diastereo-selective reduction of endocyclic C=N bonds in
the synthesis of biomolecules has been reviewed.*"

Several reactions of imines of synthetic utility are reported. Nitric oxide reacts with
N-benzylidene-4-methoxyaniline (18) in ether to give 4-methoxybenzenediazonium
nitrate (19) and benzaldehyde.®! Two mechanisms are proposed, both involving
nitrosodiazene (20), and the preferred route is suggested to involve direct electro-
philic reaction of NO to the imine double bond, favoured by the polarity of the
latter.
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MeO —< >— N —_ MeO —< >— N
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i (0]
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An allylboronate (21) reacts with imines in good yield to give homoallylic amines
and «-methylene-y-lactams with high ee.3?

(E)-Benzylideneanilines have been added across 2,3-dihydrofurans to produce
bicyclic azetidines regio- and stereoselectively;*> a zwitterionic mechanism is
proposed. An extensive range of reaction parameters have been calculated for the
Mannich reaction of benzoxazole with formaldehyde/dimethylamine.>* A molybdenum
bis(imide) has been used to catalyse C=N bond formation in imine—imine
metathesis reactions of synthetic interest;>> the approach has been extended to
alkylidene—imine, imide—imine, and imide—imide metatheses. 1-Substituted 1-phenyl-
2,2,2-trifluoroethylamines have been synthesized asymmetrically via condensation of
(R)-phenylglycinol [PhCH(NH,)CH,OH] and trifluoroacetophenone—to give a chiral
oxazolidine—and subsequent ring opening.3®

For a stereoselective dialkylzinc reaction with a phosphinoylimine, see Addition to
Organometallics below; a resolution via a Schiff base is described under Enolates.

Iminium Ions and Related Species

Cis- and trans-cyclopropane-1,2-diamines (both primary and secondary) react with a
range of aldehydes, RZ2CHO, to give pyrroles under very mild conditions.’” "H NMR
has been used to identify the intermediates. The key steps involve ring expansion of
the monoiminium ion (22), via an azomethine ylid (23), to yield a dihydropyrrolium
ion (24).
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NHR!

_NR!
RZ\A + D
N NHR! =—= N7~ — i,

—= 2
L 8 NS
R! 1|21
(22 (23 24
!\
/O\ = N
MeO 0 OMe |
R
(26) (25

QCHO QCHO
\ _—
N*H p N*H

(27a) (27b)

A new synthesis of arylmethylene- and arylmethine-pyrroles [25; R = CH,C¢HsX
and CH(CO,H)CH, Y] uses 2,5-dimethoxytetrahydrofuran (26).3® The reaction is sub-
ject to acid—base catalysis, and is typically successful only in solvent mixtures of
such character, e.g. acetic acid—pyridine. A mechanistic investigation has identified
a number of iminium ion intermediates [e.g. tautomerism (27a) = (27b)] to explain
by-products in particular cases.

Calculations of simple model Mannich reactions have focused on the role of iminium
salt as potential Mannich reagent.*

Oximes, Hydrazones, and Related Species

A range of benzaldehydes and acetophenones (28) with «, S-unsaturated amides in the
ortho-position have been converted into their oximes (29).* Two major cyclization
routes are then available:

(i) oxime—nitrone tautomerization followed by cycloaddition gives an isoxazolo-
quinolinone (30), i.e. a 5,6,6-tricycle with the (new) bridgehead carbons derived
from the alkene; or

(i) 1,3-azaprotio cyclotransfer to give a benzodiazepine N-oxide (31), i.e. a
6,7-bicyclic dipole.



1 Reactions of Aldehydes and Ketones and their Derivatives 9

The reaction of hydroxylamine with (28) has been investigated for a variety of sub-
stituent patterns, and the combinations which produce (29), (30), or (31) as major
product have been characterized. Substituent R® has a significant electronic effect,
while R! and R?, together with ‘buttressing’ substituents placed ortho to both amide
and carbonyl, have major steric influences on the outcome.

R! HN-O R! _
R! s /O
X R} R =N+ R3
e e AL
RZ O llzz 1{2 %
(28)X=0 30) (3D

(29) X = NOH

The pK, values of a series of para- and meta-substituted benzaldoximes and phenyl
methyl ketoximes, ArCR=NOH (R=H, Me), have been measured in DMSO.*' The
aldoximes exhibit pK, = 20.05 + 3.210,,. The homolytic bond dissociation energy
of the O—H bond has been estimated as 88.3 (aldoximes) and 89.2kcal mol~!
(ketoximes) by relating the pK, to the oxidation potential of the conjugate base (i.e.
Eox for ArCR=NO~ — ArCR=NO).

3-Hydroxyaminobenzo-furan and -thiophene (32a; X = O, S) are the unstable enam-
ine tautomers of the corresponding oximes (32b). Kinetics of the tautomeric intercon-
versions have been measured, yielding tautomeric constants:*? the latter have been
compared with the corresponding keto—enol constants. The enamines are ca 40 times
less stable, relative to the oximes, than are the enols, relative to the ketones. The minor
tautomers are ca 100 times more stable (relative to the major) for the benzothiophene

system.
NH— OH N— OH 0 Ph
. / \ }—Q OH
Ny H N—NH Ph
X X H OH
(32a) (32b) 33)
X=0,$

Aminolysis of O-aryloximes shows a third-order term for both pyrrolidine and
piperidine bases; temperature effects on different routes are reported and explained.*

Hydrolysis of a-hydroxy-o-phenylbenzeneacetic acid salicylidenehydrazide (33) in
aqueous ethanol proceeds via fast protonation, followed by rate-determining attack of
water;** the results are compared with several related molecules.
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Reactions of Schiff bases of pyridoxal 5’-phosphate and several therapeutic
hydrazine derivatives are described earlier under Imines.

C—-C Bond Formation and Fission: Aldol and Related Reactions

Rate and equilibrium constants have been determined for the aldol condensation
of a,u,x-trifluoroacetophenone (34) and acetone, and the subsequent dehydration
of the ketol (35) to the cis- and trans-isomeric enones (36a) and (36b).** Hydra-
tion of the acetophenone, and the hydrate acting as an acid, were allowed for. Both
steps of the aldol reaction had previously been subjected to Marcus analyses,*" and
a prediction that the rate constant for the aldol addition step would be 10* times
faster than that for acetophenone itself is borne out. The isomeric enones are found to
equilibrate in base more rapidly than they hydrate back to the ketol, consistent with
interconversion via the enolate of the ketol (37), which loses hydroxide faster than it
can protonate at carbon.

Ph” X

(0] Me
(36b)

A Hammett correlation has been reported for the retroaldol reaction of a series of
para-substituted benzylidenemalonitriles, XC¢H4sCH=C(CN),, catalysed by hydroxide
in aqueous methanol.*

Regio-, Enantio-, and Diastereo-selective Aldol Reactions

A straightforward method for aldolizing unsymmetrical ketones on the more hin-
dered side involves the use of catalytic titanium(IV) chloride in toluene at room
temperature.*’ For examples using acyclic and cyclic ketones, and linear, branched,
and aromatic aldehydes, the regioselectivity varied from 7:1 to >99:1, while the
syn:anti ratios were moderate to good, and yields were in the range 62-91%. In con-
trast to other methods, base is not required, and the ketone can be used as is (i.e. the
silyl enol ether is not required).
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0OSiMe,Bu’
Me;Si0 —
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BnO
(0]
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(38)
(S
S
Me
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(6] CO,Pr — QCOzPr .
0 0
Me
39) (40a,b) (41) (42)

Silyl enol ether (38), derived from D-glucose, undergoes a useful one-carbon exten-
sion by way of an asymmetric aldol reaction;*® the conditions of the indium(III)
catalysis in water are very convenient.

A stereoselective intramolecular aldol reaction of thiazolidinecarboxylate (39) pro-
ceeds with retention of configuration to give fused heterocycles (40a,b; separable) and
(41), the product of a retroaldol—acylation reaction.*** The selectivity is suggested to
be directed by ‘self-induced’ axial chirality, in which the enolate generated in the reac-
tion has a stereochemical ‘memory,” being generated in an axially chiral form (42).4%°
The retroaldol step also exemplifies a stereoretentive protonation of an enolate.

The lithium enolate of di-z-butyl malonate undergoes a stereoselective aldol reaction
with a-alkoxyaldehydes to give anti-1,2-diol derivatives;° in the case of the highly
hindered 2-trityloxypropanal, the stereochemistry is reversed.

A series of trans-chelating chiral biferrocene diphosphine ligands enable a
rhodium(I)-catalysed aldol reaction of 2-cyanopropionates to proceed in up to
93% ee.>!

Asymmetric aldol additions of trichlorosilyl enolates of cyclic ketones to aldehydes
have been studied, with a particular focus on the electronic effect of the aldehyde on
the selectivity achieved.’?

A review of enantioselective aldol additions of latent enolate equivalents covers a
variety of Sn", boron, Ti'V, Cu", lanthanide, and Lewis base catalysts.53 Asymmetric

aldol reactions using boron enolates have been reviewed (401 references).”

Mukaiyama and Other Aldol-type Reactions

In the Mukaiyama cross-aldol reaction, an aldehyde and a ketene silyl acetal [e.g.
(43)] react via Lewis acid catalysis to give a B-silyloxy ester (44). The reaction
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is assumed to involve an intermediate cation (45), set up for intramolecular silicon
transfer. However, in some cases the trimethylsilyl group can be captured by the
carbonyl substrate, leading to catalysis by MesSi™, i.e. an achiral route.?*" It has
now been shown that the 2+2-addition intermediates, (46) and (47), form reversibly in
the presence of a chiral europium catalyst, equilibrating over 2 h at 20 °C in benzene.>>
While considerably complicating the mechanistic scheme, their formation minimizes
that of Me;Sit. The influence of the relative rates of the steps involved on the ee
outcome is discussed with respect to the design of effective asymmetric catalysts.

0 Eu . 0SiMe;
>_<OSIMC‘ 0 OAEIM% 0—-OMe
OSiMe; Ph/§<kOMe
@3) Ph
(45) (46)
+
[_— OMe
o lx " 0 0SiM.
"Eu" = = MesSi n-OSiMes
Eu" = o CREN 0
o/, Ph
3 Eu Ph)><U\OMe
47)
(44)

A Mukaiyama-type aldol reaction of silyl ketene thioacetal (48) with an aldehyde
with large and small «-substituents (e.g. Ph and Me), catalysed by boron trifluoride
etherate, gives mainly the syn-isomer’® (49), i.e. Cram selectivity. For the example
given, changing R from SiBu'Me, to Si(Pr'); raises the syn preference considerably,
which the authors refer to as the ‘triisopropylsilyl effect.” Even when the R" and RS
groups are as similar as ethyl and methyl, a syn:anti ratio of 5.4 was achieved using
the triisopropylsilyl ketene thioacetal.

Samarium and other lanthanide iodides have been used to promote a range of
Mukaiyama aldol and Michael reactions.’’ The syntheses show promise as enantio-
selective transformations, but the precise mechanistic role of the lanthanide has yet to
be elucidated.

(48) (49)
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A bulky methylaluminium diphenoxide has been used as a co-catalyst with
trimethylsilyl triflate to effect diastereoselective Mukaiyama aldols, including cases
with less reactive aldehydes, and with ketones.”®

a-Phenylthiomethyl-B-hydroxy esters (50) can be prepared, predominantly as the
syn-isomer, by a stereoselective one-pot Michael—aldol tandem reaction.’® The seleno
analogue can similarly be prepared (again, mainly syn), using PhSeLi in diethyl ether,
but phenoxide ion is not sufficiently reactive for this sequence.

PhS

R2 R3
R? H PhSLi 1
W + /\CO2R1 R2 HO O R
5 CH,Cl, CO,R! AIAW
OH H' R*H! R!'
(50) (51)

In the aldol-Tishchenko reaction, a lithium enolate reacts with 2 mol of aldehyde,
ultimately giving, via an intramolecular hydride transfer, a hydroxy ester (51) with
up to three chiral centres (R', H' derived from R'CH'0O). The kinetics of the reac-
tion of the lithium enolate of p-(phenylsulfonyl)isobutyrophenone with benzaldehyde
have been measured in THF.%° A kinetic isotope effect of ky/kp = 2.0 was found,
using benzaldehyde-d. The results and proposed mechanism, with hydride transfer
rate limiting, are supported by ab initio MO calculations.

Complete control of the diastereoselectivity of the synthesis of 1,3-diols has been
achieved by reagent selection in a one-pot tandem aldol-reduction sequence (see
Scheme 1).%! Anti-selective method (a) employs titanium(IV) chloride at 5°C, fol-
lowed by Ti(OPr'),, whereas method (b), using the tetrachloride with a base at —78 °C
followed by lithium aluminium hydride, reverses the selectivity. A non-polar sol-
vent is required (e.g. toluene or dichloromethane, not diethyl ether or THF), and
at the lower temperature the titanium alkoxide cannot bring about the reduction of
the aldol. Tertiary alkoxides also fail, indicating a similarity with the mechanism of
Meerwein—Ponndorf reduction.

(anti)

R! H H m OH
R! /'\/\OH (syn)
R2

SCHEME 1
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As part of a search for environmentally friendly solid acid—base catalysts, a modi-
fied Mg—Al hydrotalcite has been used as a base catalyst for aldol and Knoevenagel
condensations.%? Yields are often quantitative, reaction times are about 1h, the catalyst
can be recovered by filtration, and only moderate temperatures are required (60 °C for
the aldol, ambient for the Knoevenagel).

Chiral bicyclic 1,2,4-triazolium salts, in which a defined face of the heterocycle is
hindered, catalyse the benzoin condensation with up to 80% ee, and with the opposite
chirality to the corresponding thiazole catalysts.®> Conformationally restricted chiral
bicyclic thiazolium salts have been similarly investigated.®

The Baylis—Hillman coupling of activated alkenes with aldehydes or ketones is
a useful synthetic route, but can be very slow, even with catalysts from Group 15
(amines, phosphines), or, more recently, lanthanides. A chalcogen variant has now
been reported,®> in which 0.1 equiv. of catalyst gives high yields in 1h at room
temperature, using the condensation of p-nitrobenzaldehyde and cyclohex-2-enone as
reference reaction. Most of the chalcogenides used were cyclic structures involving two
heteroatoms (S/Se/N), but even dimethyl sulfide is effective in some cases. Several
common Lewis acids were employed as co-catalysts, of which TiCly at a level of
1 equiv. proved best. The mechanism is proposed to involve coordination of titanium
at the enone oxygen, followed by, e.g., sulfide attack at the S-vinyl position to give
a zwitterionic enolate (52), which then reacts with the aldehyde.

O,N
M62S+ 2

0=-TiCl,

(52) (53)

(54) (55

A chiral pyrrolizidine (53) catalyses asymmetric Baylis—Hillman reactions.®® Impor-
tant structural features include an accessible nitrogen lone pair and a strategically
placed hydroxy group; the latter may also interact with alkali metal cations, which
catalyse the reaction.

Enal (54) undergoes intramolecular carbonyl—ene cyclization to give cis- and trans-
alcohols (55).972 Lewis acids such as boron trichloride and tin tetrachloride (and also
dimethylaluminium chloride®”®) give predominantly the cis product, while the pref-
erence is reversed with the bulky MeAlAr,(Ar = OC¢H,-4-Br-2, 6-di-Bu’). ‘Open’
and ‘closed’ chair-like transition states are considered and compared with previous
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mechanistic models, but it is suggested that a boat-like state is required to explain the
formation of trans-(55).

Activated enophiles such as aldehydes and keto diesters undergo ene reactions to
give homoallylic alcohols:%® a ruthenium(II) complex is employed as catalyst in an
apparently stepwise process.

The Horner—Wadsworth—Emmons reaction has been explored by quantum-mecha-
nical calculations on the formaldehyde—trimethylphosphonacetate [O=P(OMe),—
CH—CO,;Me] model system.® The reactants form an oxyanion, which can then ring
close to an oxaphosphetane. The latter step was found to be rate determining in the gas
phase, but solvation typically changes the course of the reaction significantly, making
oxyanion formation rate limiting.

An asymmetric Horner—Wadsworth—Emmons reaction has been developed which
uses an external chiral ligand to avoid the need to prepare chiral phosphonate
derivatives.”

Allylations

A theoretical study of allylboration of aldehydes shows that (i) an initial complex may
form, but if so, it is weak, and predicted reactivity trends are unchanged whether it is
taken into account or not, and (ii) electron delocalization from the aldehyde oxygen
to the boron p atomic orbital governs the reaction.”!

Tin(IV) halide-catalysed reactions of 4-, 5-, and 6-alkoxy(alk-2-enyl)stannanes
exhibit 1,5-, 1,6-, and 1,7-asymmetric induction, respectively.72a For example,
4-substituted (pent-2-enyl)stannanes (56) give e-hydroxy derivatives (57) with a
syn:anti ratio of >30 for hydroxy and benzyloxy substrates (i.e. R> = OH, OCH,Ph).
A key allyltin trichloride intermediate has now been identified, and the transition states
for its reaction with aldehyde have been calculated as being over 10kcal mol~' apart
for the alternative product stereochemistries.”?

Intramolecular cyclization of tethered phenyl ketones (58; X = Br, SiMe;) show
contrasting stereochemical outcomes for indium catalysis of the alkyl bromides and
fluoride ion-induced reaction of the allylsilanes.”® The reactions thus allow comple-
mentarity in product diastereoselectivity, and the difference appears to be related to an

OH
SN T Me :
(R1)3Sn Z < SnCly R3/\/:\/Me
OR2 R3CHO i
OR
(56) (87
(0]
= X

(58)
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intramolecular cyclic transition state in the former, versus an open-chain antiperiplanar
one in the latter.

Chiral alkoxy- and aminomethyl-substituted «-allylsilyl carbanions have been
reacted with aldehydes to give 1-silylhomoallylic alcohols with high y-regioselection
and E-stereoselection, and moderate to good de.’”*

(E)- or (Z)-y-alkoxyallylstannanes, Bu3;SnCH,CH=CHOR, undergo a light-
promoted reaction with various classes of carbonyl compounds (aldehydes, ketones,
a-diketones) to give homoallylic alcohols with retention of double-bond geometry.”>
A series of single electron transfers are proposed to account for the transformation.

A norpseudoephedrine auxiliary has been used to achieve >98% ee in the prepara-
tion of homoallylic alcohols from aliphatic alcohols and allylsilane.”® On-line NMR
spectroscopy has been used to shed light on the mechanism, including a diversion that
occurs if the temperature is not kept low enough.

An allylzinc addition is described under Addition of Organometallics below.

Other Addition Reactions
General and Theoretical

The intrinsic basicities of cyclopentenone and cyclohexenone (59), and their lactone
analogues (60), have been accessed via measurement of their gas-phase proton affini-
ties, and compared with the saturated carbonyl compounds in both cases.”’ The results
indicate that:

(1) Dbasicities are greater for the larger rings;
(i) unsaturated lactones are more basic than their acyclic analogues; and
(iii) cyclic ketones are made more basic by «,B-unsaturation, whereas ketones
are not.

Ab initio calculations identify the sources of these effects: for example, in unsatu-
rated ketones the double bond participates fully in the change in charge distribution
accompanying protonation, while in the unsaturated lactones, the ring oxygen impedes
this shift of electron density.

The hydrogen-bond basicities of a very extensive range of aldehydes and ketones
have been measured, and are reported in terms of Taft’s pKyp scale.”®

Ab initio calculations on the interaction of HF with a wide variety of carbonyl types
show correlations between the energy of hydrogen-bond formation and both the H—F

(0] O
\ On \ (n/
(59 (60)

n=1,2
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infrared stretching frequency and bond length.”” However, a correlation of this energy
with the atomic charge on the carbonyl oxygen in the isolated molecules failed, but
the molecular electrostatic potential at the oxygen does show a linear relationship over
the whole series studied.

Several theoretical and experimental approaches to understanding 7 -facial selectiv-
ities of nucleophilic additions have been described. The factors affecting selection in
addition of nucleophiles to cyclohexanone and its thione analogue have been probed
via ab initio calculations.®’ A wide range of nucleophile basicities have been included,
while minimizing structural change, by using substituted acetylide and cyanide ions.
As the nucleophile approaches, the carbonyl carbon becomes more electron deficient,
with polarization in the m-bond not being compensated until very late in the addi-
tion. Examining the relative stabilities of the axial and equatorial transition states, the
relationship to nucleophile basicity is found to be parabolic: the axial preference is
maximal for moderately basic anions, and is diminished (or reversed) for the most
and least basic. Hence the axial preference coincides with the maximum electron defi-
ciency at the reaction site, and is reduced for reactions proceeding through very early
or late transition states. Thus the axial approach appears to result from stabilization
of the electron-deficient carbonyl carbon by oc—y hyperconjugation. This is further
borne out by the greater axial preference in the case of the ketone versus the thione,
consistent with the greater electron deficiency in the former.

When a nucleophilic reagent, Nu~X* (or Nu—X), is reacted with a ketone, com-
plexation of oxygen by X* may precede attack at carbon. Geometric changes asso-
ciated with such complexation have been calculated for a series of 4-substituted
cyclohexanones.®! The results allow the facial selectivity of the subsequent nucle-
ophilic attack to be predicted, and without the need to calculate the transition-state
geometry.

4-Substituted snoutan-9-ones (61a) undergo nucleophilic additions with the same
facial selectivity as the corresponding norsnoutanones (61b).3%* However, the selec-
tivity is markedly reduced, apparently owing to electrostatic effects in (6la), and
hyperconjugative interactions in (61b).5?°

The effect of remote halo substitution on the face selectivity of addition to
5-haloadamantan-2-ones (62b) has been extended to the corresponding nor- and
homoadamantane systems, (62a) and (62c), and to some of their aza and diaza
analogues.®® A syn approach of the nucleophile is favoured in all cases.

(61a) (61b) (62a,b,c)
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The diastereoselectivity of nucleophilic addition to 6-methyl-1-oxa-4-thia-
spiro[4.5]dec-6-ene-7-carbaldehyde (63) has been explored for a variety of sp3-,
sp?-, and sp-nucleophiles.?** In addition to having a strategically placed heteroatom,
the position is also vinylogous. A range of selectivities was observed, from modest
preference anti to sulfur, to a strong preference for syn in the case of phenylmagnesium
bromide. The selectivities, which were sensitive to solvent polarity, were not
explicable in terms of Wipf’s dipole model.3**¢ The syn selectivities observed for
the sp?/sp-nucleophiles investigated are speculated to arise from specific electrostatic
attractions for S for such nucleophiles with their negative charges concentrated on
carbon.

Hydration and Related Reactions

Calculations support a cooperative mechanism for the hydration of formaldehyde,
acetaldehyde, acetone, and cyclohexanone in water.?> The results are supported by
determination of the rate constant for the neutral hydration of acetone, using labelled
acetone and water. Conclusions include:

(i) four non-spectator water molecules are involved in neutral hydration;
(ii) acetaldehyde is hydrated syn to hydrogen; and
(iii) equatorial hydration of cyclohexanone is > 100 times faster than axial hydration.

Gas-phase acid-catalysed additions of water and methanol to ethanol and its «-halo
derivatives have been investigated by computation; both reactions are favoured by
increasing the electronegativity of the halogen.%

The energy barrier for the gas-phase addition of ammonia to formaldehyde has been
calculated,’” and a molecular dynamics study of its hydration in aqueous sulphuric
acid is reported.®

For hydration of an ¢-aminotetrahydropyranone, and the hydrate and hydrate anion
of «,a,-trifluoroacetophenone, see under Acetals and Aldols above, respectively.

Addition of Organometallics

Several stereoselective dialkylzinc additions have been reported. The oxazolidine cat-
alyst series (64) gives moderate ees in the addition of diethylzinc to benzaldehyde.®
Substituent effects on the mechanism of induction have been explored for a range of
aliphatic and aromatic R groups, and two variants of Ar (o- and p-tolyl).

Chiral amines, ArCH(R)NH,, can be prepared by addition of a dialkylzinc to
N-(diphenylphosphinoyl)imines, ArCH=N—-P(=0)Ph,, using a suitable auxiliary,
followed by acid hydrolysis to cleave the phosphorus moiety.”® A series of
2-azanorbornylmethanols (65) give ees up to 92%, and they also induce some
enantioselectivity in additions to benzaldehyde. A highly organized transition state
with two zincs is proposed: one coordinates the nitrogens of substrate and catalyst
and the other coordinates the oxygens.
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Other diethylzinc studies include enantioselective additions to benzaldehyde using
aziridine alcohols as catalysts,”! to ketones using a camphorsulfonamide—titanium
alkoxide catalyst,”” to aromatic aldehydes using (S)-valine-derived N,S-chelate
ligands possessing a stereogenic nitrogen donor atom,”® and using a chiral
o-hydroxyphenyldiazaphospholidine oxide catalyst.*

A diastereomeric allylzinc (66) has been used to allylate alkyl ethynyl ketones
with >90% ee.®> The more substituted the alkyl group, the higher is the selectivity:
adamantyl gives >99.9%. However, even PhCH,CH,COC=CH reacts with >90% ee,
indicating that (66) can recognize small differences between the groups flanking the
carbonyl.

Among other enantioselective alkylations, a series of 3-aminopyrrolidine lithium
amides (67; derived from 4-hydroxy-L-proline) have been used to induce high ees in
the addition of alkyllithiums to various aldehydes.’® Structure—activity relationships
are identified, and the role of a second chiral centre (in the R group) in determining
the stereochemistry of the product is discussed.

Li Me
| R /
N~ Me, Al AlMe,

Q“%

(67) (68) (69)

A template (68) containing two aluminium centres, one nucleophilic and the other
electrophilic, accelerates nucleophilic alkylation of aldehydes.®’

Alkylation of the enolates of cycloalkane-1,3-diones has been carried out for ring
sizes 7—10, using various reagents and solvents.”® O-/C-Alkylation ratios are found to
decrease generally with increasing ring size, an effect ascribed to greater steric strain
in the conjugated enolate resonance contributor.

The concept of ‘memory of chirality’®®—in which the chirality of the starting
material is preserved in a reactive intermediate for a limited time—is discussed with
particular reference to the C-alkylation of enolates of chiral ketones.”®
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As part of a strategy of employing monosaccharides as a convenient source of
chirality, organometallic additions to protected L-erythrulose derivatives have been
carried out.'”” Employing silyl, benzyl, trityl, and acetonide protecting groups, the
diastereoselectivities obtained are discussed in terms of chelation to the «-and/or the
B-oxygen, and are compared with results for similar aldehydes.

Several approaches to stereoselective Grignard reactions are described. Placement
of an L-fucose or D-arabinose unit 8 or y to an aldehyde has been used to achieve
highly diastereoselective addition of Grignard reagents (and of allyltributyltin with
added magnesium bromide), exploiting coordination of the sugar ring oxygen to
magnesium.'%!

The mechanisms of addition of organomagnesium reagents to 2-hydroxypropanal
(a model chiral a-alkoxycarbonyl compound) have been predicted for the gas phase
by calculation.'”? Thermodynamics, barrier heights, stereochemistry, intra- versus
inter-molecular routes, and stoichiometry (‘assisted’ intermolecular, using 2 equiv.
of Grignard reagent) have all been investigated. A predictive model has been devel-
oped for the anti:syn product ratio in the addition of MeMgCl to such compounds,
using quantum-mechanical calculations and a kinetic analysis.'%

In an investigation of the stereoselectivity of nucleophilic addition to larger ring
systems,!% ethyl-, vinyl-, and ethynyl-lithium and -Grignard reagents have been added
to 2-(3’-phenylpropyl)cycloheptanone (69). In all cases, the predominant product is
the cis-alcohol, and calculations have been used to identify the steric and torsional
effects in the transition state that favour this stereochemistry.

Fluoroform (CHF;) efficiently trifluoromethylates aromatic aldehydes to the cor-
responding alcohols when deprotonated by potassium DMSylate in DMF.!® This is
surprising, as species such as KCF; have carbenoid character, and tend to be unsta-
ble. However, the reaction fails for solvents such as THF, and appears to depend on
a highly specific role for DMF. It is proposed that ‘CF;~’ is trapped in situ by the
solvent to form the gem-amino alcoholate (70), which acts as a stable, masked form
of the anion, which then attacks the aldehyde, regenerating DMF.

Kt O~ q [N
o \

F3C )\NMEZ s)\ SlMe3
(70) (71)

Dondoni pioneered the use of 2-(trimethylsilyl)thiazole (71) as a formyl anion equiv-
alent for the homologation of aldehydes.'* Extension of this reaction to ketones
would be very useful, but has thus far been restricted to trifluoromethyl cases.106b
However, it has now been widened to include several «, o’-alkoxy ketones, as demon-
strated in a new route to branched-chain monosaccharides.!? Aldehydes catalyse
the reaction, although the scope is still limited: electrophilic aldehydes, such as
2-fluorobenzaldehyde, promote the addition of (71) to electrophilic ketones.
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pH-rate profiles have been constructed for the reaction of barbiturate anions with
2- and 4-nitro- and 2,4-dinitro—benzaldehydes,107 with the observed behaviour being
explained in terms of tautomerism in the tetrahedral intermediate.

Several studies of the Wittig reaction, and newer variants, are reported.

Calculations on two Wittig reactants, alkylidenetriphenylphosphorane (a non-
stabilized ylid) and its benzylidene analogue (a semi-stabilized one), have been used to
identify the origin of the product selectivities for the two classes.!%® A planar transition
state gives a trans-oxaphosphetane intermediate, while a puckered one leads to cis-.
These two transition states were favoured by the semi- and un-stabilized reactants,
respectively.

The stereochemical outcome of the Wittig reaction can depend on the presence or
absence of lithium salts.!%® This may be due to a betaine intermediate stabilized by
lithium cation. A stable adduct of this type has now been observed during a Wittig
reaction.'®® When Ph;P=CH, is treated with 2,2'-dipyridyl ketone, 3'P NMR shows
the formation of an oxaphosphetane (72) and addition of lithium bromide gives the
chelation-stabilized betaine lithium adduct (73).

CO,H

(74)

The (E)-alkene (74) is formed from Wittig reaction of the corresponding phenyl
3-pyridyl ketone: the stereochemical preference is determined by an interaction (either
hydrogen bonding or salt bridging) between the carboxylic acid chain being introduced
and the amide ‘tether’ provided by the reactant.!''?

Halo-lactonization of ketophosphoranes has been achieved via reaction with cyclic
anhydrides and subsequent halogenation.!'! The products, halo enol lactones (75), are
synthetically useful compounds, and an alternative synthesis via incorporation of the
halogen at the ylid stage is also described. Mechanistic investigation of the Wittig
reactions involved reveals subtle variations in pathway, allowing optimum experi-
mental conditions to be selected to allow for the variation in reactivity of different
anhydrides and halides.
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X
CO,R
Ar—P=PMe; R
RCHO, THF
0 | deew N
_ ¥ _ Ar—P
0 Ar —P=PMe; O=PMe;
(75) (76) a7

The thio-Wittig reaction, like the Wittig itself, may involve (thia)phosphetane or
betaine-type structures as intermediates. A combined experimental and theoretical
study over a wide range of conditions and of substrates (aliphatic vs aromatic,
aldehyde- vs ketone-derived) suggests a mechanistic continuity, with solvent polarity
and substrate electronic effects being the main influences on the transition from one
mechanism to another.'!?

Two hindered phosphoranylidenephosphines, ArP=PMes [76; Ar = 2,6-dimesityl-
phenyl and 2.4,6-tri(t-butyl)phenyl], have been prepared and are stable in the absence
of air and water.'!®> As the resonance suggests, they can enter into ‘phospha-Wittig’
reactions to produce phosphaalkenes (77). The reaction gave high yields of (E)-(77)
in a few hours for a range of benzaldehydes (p-ClI/NO,/OMe/NMe,/H, Fs), and also
for ferrocenecarboxaldehyde and pivaldehyde, but was unsuccessful for ketones.

Ph OCONE, Ph OCONE,
\( RCHO \H/
- Si —_— CHR
| ~ Bu'Li
(78) (79)
(E and Z)

Peterson olefination, a silicon variant of the Wittig reaction, has been used to convert
a-silyl benzyl carbamates (78) into trisubstituted vinyl carbamates (79) in moderate-
to-good yields and with some E/Z-selectivity.!'*

Miscellaneous Additions

Building on a recently introduced reaction classification system that considers elec-
tronic effects,!!3*" a descriptor for steric hindrance has been added.!'>® The expanded
classification hierarchy has been applied to a range of representative reactions, includ-
ing additions to carbonyl compounds, and enolate formation.

The use of pyridinium ylids in the synthesis of carbo- and hetero-cycles
has been reviewed (157 references),''® with a particular focus on nucleophilic
addition—eliminations (Adn—E ,;n =2, 3,6).
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Treatment of benzaldehydes with ethyl diazoacetate and a catalytic quantity of
the iron Lewis acid [nS-CpFe(CO)Z(THF)]JrBF( yields the expected homologated
ketone (80). However, the major product in most cases is the aryl-shifted structure
(81a), predominantly as its enol tautomer, 3-hydroxy-2-arylacrylic acid (81b).!!” This
novel reaction occurs via a 1,2-aryl shift. Although the mechanism has not been fully
characterized, there is evidence for loss of THF to give a vacancy for the aldehyde
to bind to the iron, followed by diazoacetate attachment. The product balance is then
determined by the ratio of 1,2-aryl to -hydride shift, with the former favoured by
electron-donating substituents on the aryl ring. An alternative mechanism involving
epoxide intermediates was ruled out by a control experiment.

[1°-CpFe(CO), CO,Et CO,Et
Arw/ (TP AT\HA COEt .
T N,CHCOEt;
0 CH,Cl,

(80) (81a) (81b)

Diazomethane has been used to transfer methylene with high diastereoselec-
tivity to the carbonyl group of a series of B-ketosulfoxides, (Rg)-p-
tolyl—S(0)—CHR—CO—CH,F,Cl,, giving the corresponding epoxides.'!8

A clean, Strecker-type synthesis of «-aminonitriles has been developed: amine,
aldehyde, tributyltin cyanide, and scandium(III) triflate (as catalyst) are mixed together
at room temperature.'!® Yields for a range of aliphatic and aromatic aldehydes are
typically ca 90%, the solvent can be organic or aqueous, the 10% catalyst loading is
recoverable and reusable, and the tin reagent is similarly recyclable.

Enantioselective trimethylsilylcyanation of benzaldehydes has been achieved using
a lanthanum alkoxide of a chiral binaphthol as catalyst.'?

Thiols catalyse radical-chain addition of primary aliphatic aldehydes (R'CH,CHO)
to terminal alkenes (H2C=CR2R3) to give ketones, RICHQCOCHchR2R3 121 The
thiol acts as an ‘umpolung’ catalyst to promote the transfer of the aldehydic hydrogen
to the carbon-centred radical formed when an acyl radical adds to the alkene.

Cyclopropylaldehydes undergo addition reactions with tetramesityldisilene
(Mes,Si=SiMes,) and with its germasilene analogue,'?? apparently involving biradical
intermediates.

Enolization and Related Reactions

Rate and equilibrium constant measurements for the enolization of 3-phenylcoumaran-
2-one (82) in aqueous dioxane indicate an enol content of ca 0.1%, a pK, of 8.9 (6.0
for the enol tautomer), and a fairly symmetrical transition state for enolate anion
formation: the Brgnsted Bz = 0.52.'2% Below pH 5, enolization is independent of pH,
occurring via O-protonation of the enolate.



24 Organic Reaction Mechanisms 1998

o) F5CS H ney  FiCS H F5CS H
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H Ph
(82) (84) (83a) (83b)

2,2-Bis [(trifluoromethyl)thio] acetaldehyde (83a) has been prepared from an enam-
ine precursor (84), although refluxing in aqueous ethanolic HCI is required to effect
this reaction.'”* The aldehyde is less stable than its enol tautomer (83b), and many
reactions typical of aldehydes fail. For example, addition of aqueous silver nitrate
immediately yields the silver salt of (83b), rather than giving precipitation of (ele-
mental) silver. The (trifluoromethyl)thio substituent has pseudohalogenic character
and, together with the hydroxy group, stabilizes the alkene tautomer in the manner of
a ‘push—pull’ alkene. The enol—aldehyde equilibrium mixture in acetonitrile shows
an apparent pK, of 2.6 when titrated with aqueous hydroxide.

Enolization and ketonization kinetics and equilibrium constants have been reported
for phenylacetylpyridines (85a), and their enol tautomers (85b), together with esti-
mates of the stability of a third type of tautomer, the zwitterion (85¢).!?> The latter
provides a nitrogen protonation route for the keto—enol tautomerization. The two alter-
native acid-catalysed routes for enolization, i.e. O- versus N-protonation, are assessed
in terms of pK, differences, and of equilibrium proton-activating factors which mea-
sure the C—H acidifying effects of the binding of a proton catalyst at oxygen or at
nitrogen.

B — B
= =
N N “" ~Ph
0 OH
(85a) (85b)

(85¢)

Concerted acid—base catalysed enolizations of a range of simple aldehydes and
ketones have been measured in water at 25 °C, using a range of substituted acetic
acid—acetate buffers.'?6 The buffer plots yield rate constants for acid (ks) and base
(kg) catalytic terms in the normal way at low buffer concentrations. Extension up
to higher concentrations (as far as [total buffer] = 2 M, typically) yields the third-
order term (kag) via upward curvature of the plots. While kag does not have a
simple correlation with either ko or kg, it does correlate with their product, i.e.
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log kap o< log(kakg). This simple yet powerful result indicates that concerted catalysis
is significant only when both buffer acid and buffer base make comparable contribu-
tions. The correlation has a slope of about unity for the aldehydes studied, while
for the ketones examined it falls in the range 0.5-0.6. A Brgnsted 8 value and the
kinetic solvent isotope effect for the concerted pathway are also reported, and a lim-
ited correlation between high enol content and a significant third-order term is also
noted.

Malonaldehyde, CH,(CHO),, exists as an intramolecularly hydrogen-bonded enol
(86) in the vapour phase. Molecular dynamics calculations suggest that while a short
O—O distance favours proton transfer to an (identical) tautomer, such proximity is
neither a sufficient nor a necessary condition.!'?’

OH--O .
H. \ o* OH
0" o \ g
v \ c” - c”
H
0--HO
(86) (87) (88a) (88b)

1,4-Dihydroxy-2,3-diformylbuta-1,3-diene (87) can undergo degenerate isomeriza-
tion via the transfer of two hydrogens. It is claimed as the first example of a
dyotropic molecule that undergoes concerted low-barrier (3.7 kcal mol~") double pro-
ton exchange.!?

The greater stability of simple ketones relative to their enol tautomers is reversed
on formation of the corresponding radical cations (88a) = (88b). In appropriate cases,
ionization of the ketone to its cation is followed by spontaneous hydrogen transfer to
give the enol radical cation. 1,5-Hydrogen transfer via a six-membered-ring transition
state is a common route. Characterization of such mechanisms has been reviewed for
a variety of such reactions in cryogenic matrices, where many of the processes that
compete in solution are suppressed.'?’

IR spectra of substituted acetophenones, p-XCgH4sCOMe, in chloroform suggest
the presence of hydrogen-bonded dimers for X = H and NO,, but not OMe;"*° such
association may play a role in keto—enol tautomerization.

The mechanism of the thione-to-thiol rearrangement of O,S-dialkylxanthates, catal-
ysed by pyridine-N-oxide, has been analysed by MO methods.'3!

Kinetic and thermodynamic parameters have been measured for the chlorination of
simple aliphatic and aryl alkyl ketones in strong acid media by chloramine-B (sodium
N-chlorobenzenesulfonamide).!3? Catalysis of the monochlorination of acetaldehyde
in anhydrous carbon tetrachloride by trichloroacetic acid, and by hydrogen chloride,
are reported.'** IR and UV spectroscopy have been used to probe the reaction of
acetaldehyde with trichloroacetic acid in carbon tetrachloride.!3* Two cyclic 1:1 inter-
mediates have been identified, and are found to be in equilibrium.
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Enolates

Rates of deprotonation of a simple ketone (89) by lithium diisopropylamide (LDA)
in THF at —78 °C show a first-order dependence on ketone, and an order of 0.58
(£0.06) in base.'*> Alternative pathways involving the LDA monomer and its solvent-
complexed dimer (90) are considered.

THF

| .
i Li Pr'
il N
N N
./ N / X\ .
! Li Pr
|
THF

Pr

(89) (90) 91)

Racemic «-amino acid esters have been converted to single enantiomers by
condensing them with 2-hydroxypinan-3-one (91), and then diastereoselectively
protonating the resultant chiral Schiff base.!3

Chiral «-sulfinyl alcohols have proved useful in enantioselective protonation of
enolates.'?” Addition of lithium bromide enhances the ee in a number of cases, appar-
ently via simultaneous coordination of lithium to the enolate and to the sulfinyl alcohol.

The reactivity of lithium enolates has been explored in a theoretical study of the
isomers of C,H;OLi, such as the lithium enolate, the acyl lithium, and the «-lithio
enol.!3® Imides containing a chiral 2-oxazolidine have been employed for enantiose-
lective protonation of prochiral enolates.'* A degree of kinetic control of the product
E/Z-enolate ratio has been reported for the lithiation of 3,3-diphenylpropiomesitylene,
using lithium amides/alkyls.'4

Oxidation and Reduction of Carbonyl Compounds
Regio-, Enantio-, and Diastereo-selective Redox Reactions

The enantioselective reduction of ketones has been reviewed (317 references).'*!

A detailed kinetic study of the enantioselective reduction of acetophenones,
ArCOMe, to arylethanols, using a propan-2-ol—acetone couple and a chiral rhodium
diamine catalyst, has been undertaken.'*? Non-linear effects on the % ee are observed,
e.g. addition of achiral ketones can both slow the reaction and raise the ee. These
effects can be rationalized in terms of the difference in reactivity of diastereomeric
catalytic sites. The scope for exploiting such mechanistic insights so as to maximize
the enantioselectivity is discussed.

Enantioselective borane reduction of prochiral ketones catalysed by chiral oxabor-
olidines is of considerable synthetic utility, but the catalytic cycle has to compete
with direct borane reduction of the ketone. Accordingly, precise kinetic data on
the latter would help optimize conditions for the former. Such a study has been
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undertaken for borane in tetrahydrofuran, where the 1:1 BH3;—THF complex is the
reaction species, producing a mono- and then a di-alkoxyborane. Taking pinacolone
(Bu’COMe) as model substrate, the reduction is found to be much slower with freshly
prepared reagent, as against the commercial form, commonly stabilized by sodium
borohydride.143 Thus it is found that NaBH,, and also borane decomposites, are cata-
lysts. Changes in reaction order accompanying these catalyses are described, as well as
autocatalytic effects. The significance of the results for the design of enantioselective
borane reductions is discussed.

The authors then go on to measure the kinetics in the presence of two oxazabor-
ole catalysts, (92a) and (92b)."** The rate-determining step is the reaction of the
ketone with an oxazaborole—borane complex, with the direct reduction competing
with the catalytic cycle (as mentioned above). The oxazaborole reaction, like the
direct reduction, is significantly accelerated by the presence of sodium borohydride.

Et Ph

H B H " Ph
/O /O
Ph Ph

(92a) (92b)

Pinacol coupling of aldehydes to produce 1,2-diols is generally thought to proceed
via intermediate ketyl radicals formed by single electron transfer. A titanocene catalyst
is now reported to produce pinacols in high yield with high (syn) de: the key to the
selectivity is suggested to be a dimeric titanium complex binding both ketyl radicals
simultaneously.!'*

Pyridinium fluorochromate oxidizes cycloalkanones to the corresponding 1,2-
diketones.'*® The kinetics have been studied in aqueous acetic—perchloric acid
mixtures: relative reactivities are explained in terms of conformational and steric
effects.

Other Redox Reactions

The reaction of chlorite (ClO,7) and formaldehyde produces formic acid and ClO,,
with further oxidation to carbon dioxide in the presence of excess oxidant. The oxida-
tion is rapid, and appears to show oscillatory behaviour near completion.'#” Chloride
is also produced, so simultaneous Cl (III) — (IV) and CI (IIT) — (I) processes are
occurring. Detailed mechanisms have been deduced to explain these phenomena. The
apparent oscillations turn out to be mechanical in origin: rapid production of CO; bub-
bles distorts the absorbance readings used. HOCI has an autocatalytic role, reacting
much more rapidly with ClO,~ than with formic acid. As a result, ClO, is rela-
tively inert under the conditions studied, to the extent that the chlorite—formaldehyde
reaction is an effective, quantitative method of producing it.
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The kinetics of the oxidation of a series of para- and meta-substituted benzaldehydes
by quinolinium chlorochromate are first order in substrate, oxidant, and hydronium ion;
the results were subjected to a Taft analysis.'*® Oxidation of 2-pyridinecarboxaldehyde
to the acid by dichromate follows an unusual mixed fourth-order rate law: it is first
order in hydronium ion and Cr(VI), and second order in aldehyde.'*’

Conversion of the thiocarbonyl group into carbonyl has been reviewed.' In gen-
eral, hydrolytic methods catalysed by metal ions are recommended over oxidative
methods, as the former are typically cleaner and more easily worked up.

Other Reactions

A range of 1,3-oxazolidin-4-ones (93) have been prepared by cyclocondensation of
cyanohydrins, R1R2C(OH)CN, with aldehydes or ketones, R3COR?, under anhydrous
strong acid conditions.'>! The R groups used are mainly simple alkyl and aryl moieties,
and the mechanism is discussed.

The structure of 5-(8-styryl)-2,3-dihydrofuran-2,3-dione (94) and its reactions with
nucleophiles have been investigated, together with its synthesis via cyclization of
cinnamoylpyruvic acid.!>?

Chalcogenopyrylium dyes such as (95; X, Y = O/S/Se/Te) have a wide variety of
applications based on their near-IR absorbing properties; their hydrolytic stability is
critical to their operation. Hydrolysis of simple analogues (96) exhibits pseudobase
behaviour, with water attack at the 2-position releasing a proton, and setting up a
ring-opening equilibrium to an enedione (97) = (98).!3%3¢ Kinetics of hydrolysis
have now been measured in aqueous solution over a wide range of pH for six X, Y
combinations of (95).!33¢ The pH—rate profiles show, as expected, an increase in rate
with increasing pH, interrupted by a plateau region corresponding to the pK, of the
dye. The variations in the values of the second-order rate constant for hydroxide are
explained in terms of competing effects on aromaticity and on cation stability as X is
varied down Group 16.

Silyl propargyl alcohols, XC=CSiMe,R? [X=R1CH(OH)CHR2CH(SPh)], can
undergo palladium(Il)-catalysed cyclization to give 2,3-dihydrofurans, or alkyne

Rl. 0. R 0 Bu'__Y.__BU
RZ 7< R4 / | |
NH o o O
o Ph CH
93) 94) o Cu
Il
CH
X H,0 x = =
—— | +Ht —= |
+ 2 + 0 N
X HO X Bu’ X Bu’

(96) o7 98) 95)



1 Reactions of Aldehydes and Ketones and their Derivatives 29

hydration to give y-hydroxy ketones, XCOMe.'>* The mechanisms operating and
the factors determining the product balance are discussed.

Absolute rate constants have been measured for the gas-phase reactions of hydroxyl
radical with five methyl ketones, MeCOR: R=Me, Et, and (CH,),CHMe;(n =
0,1,2).1%

The kinetics of the reaction of bromine atoms with simple aliphatic aldehydes have
been measured by the fast-flow technique with resonance fluorescence detection, and
by laser flash photolysis.'>

A review of the thiocarbonyl group (758 references) covers the preparation, struc-
ture, and reactions of various classes of compounds containing this function.'>’

Semiempirical calculations have been used to study the mechanism of the ring
opening of cyclopropanone and substituted analogues in a range of solvents of varying
polarity.!>® Transition states and oxyallyl intermediates have been characterized, as
have the effects of solvents on their stability. The results are also compared with
kinetic data in the literature.

Semiempirical calculations on the Favorskii rearrangement of a-chlorocyclobutan-
one to cyclopropenecarboxylic acid suggest that it proceeds via a stepwise semibenzilic
acid pathway, both in solution and in vacuo, rather than by a cyclopropanone
rearrangement. !>

The mechanism of the novel transformation of «-nitro- to «-hydroxy-ketones has
been probed.'®® The reaction, which proceeds under basic aqueous conditions, requires
that the o-nitro substrate be CH-acidic in the o’-position, and that it be readily depro-
tonated under the conditions employed. NO,—-OH exchange occurs with retention of
configuration, with the hydroxyl oxygen being predominantly derived from the sol-
vent. A mechanism involving neighbouring-group participation, via a Favorskii-like
cyclopropanone intermediate, is proposed.

The reactions of the species H;O", NOT, and O, with a range of aldehydes and
ketones have been studied by the selected ion flow tube (SIFT) method.'®! H;O"
protonates ketones and aldehydes, with the latter eliminating water under the condi-
tions of measurement. Similarly, NO™ associates with ketones, but this is followed
by hydride transfer for the aldehydes. O," reactions typically produce several ionic
products.

Formaldehyde, in aqueous acidic solution, undergoes cyclotrimerization to trioxane
(1,3,5-trioxacyclohexane), and also disproportionation to methanol and formic acid,
with some resultant formation of methyl formate.'> The kinetic behaviour observed
suggests a significant autocatalysis by formic acid.

N-(1-Adamantyl)hexafluorothioacetone S-imide, (F3C),C=S=NAd, undergoes a
range of dipolar cycloadditions with aromatic and aliphatic thiones.'®3

Kinetics of the acid hydrolysis of N-alkenyl derivatives of phenoxazine, phenoth-
iazine, and carbazole in aqueous dioxane suggest an ASg2 mechanism, based on the
activation parameters and isotope effects.!%*
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CARBOXYLIC ACIDS

Tetrahedral Intermediates

Kinetic studies of the reaction of Z-phenyl cyclopropanecarboxylates (1) with X-
benzylamines (2) in acetonitrile at 55 °C have been carried out. The reaction proceeds
by a stepwise mechanism in which the rate-determining step is the breakdown of the
zwitterionic tetrahedral intermediate, T+, with a hydrogen-bonded four-centre type
transition state (3).! The results of studies of the aminolysis reactions of ethyl Z-phenyl
carbonates (4) with benzylamines (2) in acetonitrile at 25 °C were consistent with a
four- (5) and a six-centred transition state (6) for the uncatalysed and catalysed path,
respectively.? The neutral hydrolysis of p-nitrophenyl trifluoroacetate in acetonitrile
solvent has been studied by varying the molarities of water from 1.0 to 5.0 at 25°C.?
The reaction was found to be third order in water. The kinetic solvent isotope effect
was (kp,0/kp,0) = 2.90 & 0.12. Proton inventories at each molarity of water studied
were consistent with an eight-membered cyclic transition state (7) model.
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The kinetics of the aminolysis reactions of the «-effect nucleophiles hydrazine
and hydroxylamine with Y-phenyl X-benzoates (8) have been reported.*> The results
demonstrated that the magnitude of the «-effect decreases with increasing electron-
withdrawing ability of the acyl substituents. The authors propose that hydrazine
stabilizes the transition state (9) by intramolecular H-bonding.’

Intermolecular Catalysis and Reactions
Reactions in Hydroxylic Solvents

(a) Esters

(i) Formation

In a kinetic study of the esterification of acetic acid with methanol in the presence
of hydrogen iodide, iodimethane was identified as a by-product. The authors propose
that this derives from iodide ion attack on protonated methanol.® However, attack by
iodide ion on protonated methyl acetate (10) is more likely, since acetic acid is a
better leaving group than ethanol.

(i1) Transesterification

The mechanism and thermodynamics of transesterification of acetate—ester enolates
in the gas phase have been investigated.” The catalytic effect of alkali-metal -
butoxide clusters on the rate of ester interchange for several pairs of esters has
been determined in non-polar and weakly polar solvents. Reactivities increase in the
order (Lit < Na* < K* < Rb" < Cs™) with the fastest rates reaching 107 catalytic
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turnovers per hour. The heavier metals (K, Rb, Cs) exist in solution (and in the solid
state) as tetrameric structures (11). The authors propose that the roles of the clusters
in facilitating the rate of transesterification are to supply multiple cations within the
cluster framework, these sites stabilizing developing negative charge in the transition
state, and to provide scaffolding for first pre-coordinating the ester, potentially acti-
vating it, and then delivering the alkoxide nucleophile via a six-membered transition
state along the stereoelectronically preferred Biirgi—Dunitz angle.®

(M
© WMeZL0~C—Me ——— Mel + MeCOH
(10)

/O—/ v Me
T_J/I__T_(I) MeCH,COCHOPh
TS o

(1) 13)

(iii) Other reactions

A comparison of the kinetics of alkaline hydrolysis of methyl, isopropyl and butyl
acetates in propan-2-ol-water and 7-butanol-water has revealed that the observed
effects correlate with solvent structure.’

Tetracyanoethylene (TCNE) has been shown to be a mild catalyst, which possessed
some stereoselectivity, for the hydrolysis of the esters of steroidal alcohols. For
example, 38, 6p-diacetoxy-S«-hydroxyandrostan-17-one (12a), when treated with
TCNE in toluene—methanol (1:1) at 50 °C for 8 h, yielded the 38-hydroxy compound
(12b), the 6B-acetoxy group having survived unscathed.'®

The acid-catalysed hydrolysis of the acylal, 1-phenoxyethyl propionate (13), has
been studied using the PM3 method in the gas phase.!' The kinetics and mechanism of
the hydrolysis of tetrahydro-2-furyl and tetrahydropyran-2-yl alkanoates (14) in water
and water—20% ethanol have been reported. In acidic and neutral media, kinetics,
activation parameters, 180 isotope-exchange studies, substituent effects, solvent effects
and the lack of buffer catalysis pointed clearly to an Ax;-1 mechanism with formation
of the tetrahydro-2-furyl or tetrahydropyran-2-yl carbocation as the rate-limiting step
(Scheme 1). There is no evidence of a base-promoted Bc2 mechanism up to pH 12.12
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Structure—reactivity studies of the reactions between a range of anionic peroxide
nucleophiles (17; R = H, MeCO, SO;~, PO32’) and four 4-acyloxybenzenesulfonates
[16; R = Me, Bu, Me(CH),)7, Me;CCH,CH(Me)CH,] have been reported.13 The
rate data for 4-acetyloxybenzenesulfonate (16; R = Me) conformed to a Brgnsted-
type relationship with By, = 0.42 £ 0.01, similar to a value of 0.40 £ 0.01 for p-
nitrophenyl acetate and the same range of peroxide nucleophiles determined earlier
by the same group. A larger value of Bn, = 0.56£0.05 was obtained for -
nonanoyloxybenzenesulfonate [16; R = Me(CH),)7], which was interpreted in terms
of steric and polar interactions between the acyl substituents and the attacking peroxide
nucleophile.’® The effect of surfactants on this type of reaction'* is discussed later
on p. 41. These kinetic studies'*'* were undertaken to provide a set of fundamental
data that would provide a backdrop to the action of commercial ‘peroxide bleach
activators’ (e.g. n-nonanoyloxybenzenesulfonate) which convert hydrogen peroxide
to a better oxidant, an organic peracid (18; X = H).

Kinetic studies of the alkaline hydrolyses (pH 11-14) of a series of
pentachlorophenyl esters of w-(p-hydroxyphenyl)alkanoic acids (19; m = 1-4) have
been reported.'> The reasonably high nucleofugality of the pentachlorophenoxide (pK,
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of C¢Cl50OH is 4.79) was considered to be a driving force for the intervention of an
ElcB pathway (path c) leading to spiro intermediates (20) (Scheme 2). In the event,
there was no evidence for that pathway and the hydrolysis of all four esters (19;
m = 1-4) occurred through the usual Bxc2 mechanism (path a or b).

Reactions of a wide range of substituted phenyl acetates with six a-effect nucle-
ophiles have revealed little or no difference, compared with phenolate nucleophiles,
in the values of the Leffler parameters. As a result, the case for a special electronic
explanation of the a-effect is considered unproven.'® Studies of the kinetics and mech-
anism of the aminolysis and alkaline hydrolysis of a series of 4-substituted (21)'7 and
6-substituted naphthyl acetates (22)!® have revealed that, for electron-withdrawing
substituents, aminolysis for both series proceeds through an unassisted nucleophilic
substitution pathway.

The catalysis by a protected nucleoside of the aminolysis by butylamine of
p-nitrophenyl acetate in benzene (Scheme 3) has been reported. Interestingly, only
2,3/, 5'-O-tris(¢-butyldimethylsilyl)cytidine showed any marked catalytic effect, the
adenosine, guanosine and uridine analogues behaving merely as weak general base
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Z
Y\|
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catalysts. The authors propose that a bifunctional mechanism operates, with the
protected nucleoside stabilizing the aminolysis transition state (23) by simultaneous
donation and acceptance of protons.'”

OH |O|
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(24) (25) (26)

The kinetics of the alkaline hydrolysis of 2-methylpentyl salicylate (24) have been
studied in various aqueous propanol and z-butanol mixtures and in mixtures of water
and ethane-1,2-diol.?° Further studies of the aminolysis of ionized phenyl salicylate
(25) have been reported, in which it was observed that, in mixed acetonitrile—water
solvents, glycine, 1,2-diaminoethane and 3-aminopropanol all reacted as did simple
amines, via an intramolecular general-base-catalysed process.”!

The influence of temperature on the ortho effect has been evaluated in the alkaline
hydrolysis in aqueous DMSO solutions of ortho-, meta- and para-substituted phenyl
benzoates (26).2> The alcoholysis of phthalic anhydride (27) to monoalkyl phthalates
(28) occurs through an A-2 mechanism via rate-determining attack of the alcohol on
a carbonyl carbon of the anhydride (Scheme 4). Evidence adduced for this proposal
included highly negative AS* values and a p value of +2.1. In the same study,
titanium tetra-n-butoxide and tri-n-butyltin ethanoxide were shown to act as effective
catalysts of the half-ester formation from (27), the mechanism involving alkoxy ligand
exchange at the metal as an initial step.??
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As an extension of studies of esters that hydrolyse by dissociative mechanisms,
evidence for the operation of the ElcB pathway in the alkaline hydrolysis of 2,4-
dinitrophenyl 4'-hydroxyphenylpropiolate (29) has been sought.?* No firm conclusion
was made, the data merely suggesting the occurrence of the ElcB pathway; the data
were also consistent with the conventional Bsc2 pathway.?*

In the presence of dibutyl phosphate as catalyst, 4,4’-methylenedianiline (30)
reacts with diphenyl carbonate (31) in tetrahydrofuran at 90°C to give the
corresponding mono- (32; X = H) or di-carbamate (32; X = CO,Ph), depending on
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HZN@CHzONHz + (PhO),C=0

(30) &2V

90°C| (BuO),PO.OH

PhOCONH @ CH, @ NHX

(32)

(BuO)Qﬁ —0— ﬁ — OPh
o (6]
(33)

the reaction time.?> Other organophosphorus acids, e.g. Ph,P(O)OH, (PhO),P(O)OH
and BuOP(O)(OH),, are equally effective. The proposed mechanism involves the
initial formation of a phosphocarbonate species (33), which is a more active
carbonylating agent than the parent carbonate.?

The kinetics of the cyclization of 4-substituted benzamidoxime 4-nitrophenyl carbon-
ates (34; X = H, Me, OMe, Cl, NO,) in the pH range 8—11 to yield the corresponding
heterocycles (35) have been studied.”® At acidic pH, cyclization does not occur and the
hydrolysis reaction predominates.

The mechanisms of aminolysis of substituted phenyl quinoline-8- and -6-
carboxylates, (36) and (37), have been evaluated using AM1 semiempirical and
HF/6-31+G(d) ab initio quantum mechanical methods to study the ammonolyses
of the model systems vinyl cis-3-(methyleneamino)acrylate (38), cis-2-hydroxyvinyl
cis-3-(methyleneamino)acrylate (39) and vinyl trans-3-(methyleneamino)acrylate (40).
Both experimental and computational results support the formation of a tetrahedral
intermediate in the reaction. The results of this study are fully consistent with
the experimental observations for the aminolyses of variously substituted phenyl

quinoline-8- (36) and -6-carboxylates (37).2’
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The azadiene bearing a carboxymethyl group (41; R = Ph) participates in the
Diels—Alder reaction with both electron-rich and electron-deficient dienophiles.
However, when groups of greater electron-withdrawing power replace the phenyl
group (e.g. R =4-O,NC¢Hy, COPh, CO,Et), reaction with only electron-rich
dienophiles occurs. A rationale for these observations was made on the basis of a
semiempirical molecular orbital study.?

YCOZMe o) (0] 0 o
=N (0] (0]
R

41) 42) 43) (44) 45)

(b) Lactones and derivatives

Using Fourier transform ion cyclotron resonance techniques, the proton affinities of
the prototypical «, B-unsaturated y- (42) and §-lactones (43) have been determined
as 836 and 862kJ mol~!, respectively. This increase in basicity with the size of the
ring also prevails for the saturated analogues (44) and (45).%°

‘0

0 S AN s
Ph Ph Ph Ph
(46) (47) (48)
J_Jr—Ph “—Ph “—Ph
(49) (50) (51)

In an investigation of the free-radical chemistry of B-lactones, a facile decarboxyla-
tive cleavage has been observed.’® For example, the 4-bromo-S-lactone (49) reacted
with Bu3SnH + 5%(PhSe);, to yield mainly (>95%) the isomeric alkenes (47) and
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(48), the products of decarboxylation of the ring-opened radical (46). The precursor
of (46) is the 2-oxetanon-4-ylcarbinyl radical (50), which is the first-formed interme-
diate from the 4-bromo-S-lactone (49). The ring system of the radical (50) remained
intact when a molar equivalent of (PhSe), was employed, and the saturated B-lactone
(51) formed by hydrogen atom transfer from PhSeH [produced in situ from (PhSe);]
was the major (80%) product. Three bicyclic S-lactones, (52), (53) and (54), were
also studied and gave analogous products.

OMe
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Me T
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Methyl 4-(3’, 4-dimethoxyphenyl)-3-tosyloxyhexanoate (55) was transformed by
heating in acetonitrile solvent at 70 °C into a mixture (2.6:1) of a y- (57) and a §-

lactone (58). It is proposed that the products are formed via an intermediate phenonium
ion (56).3!

OH OH

+
/\ CO,Et I o o 1 ~

o~ o
(59) (60) (61)

(62)

OH OH
12 [
59 — 1=/, >—OE ﬂom
0 ICH,”” Yo

(63) (64)

OH

et

ICH,” 0~ ~OEt
(65)

(60) + (61)

Attempted iodocyclization with iodine in moist acetonitrile of ethyl 2-hydroxypent-
4-enoate (59) to give the iodotetrahydrofuran (62) gave instead a 2:1 mixture (80%)
of syn- and anti-y-lactones (60) and (61). Labelling studies with H,'3O indicated that
the probable mechanism of the reaction involved initial attack of the ester group upon
the iodonium ion (63) to yield a mixture of epimeric carbocations (64), which upon
attack by water would yield the orthoesters (65), elimination of ethanol from which
giving the epimeric y-lactones (60, 61).%2

The ketophosphorane (65; R = Me), the product of reaction between succinic anhy-
dride and carbomethoxymethylenetriphenylphosphorane, undergoes reaction with N-
bromosuccinimide (NBS) to yield the bromo enol lactone (68; X = Br, R = Me)
as a 67:33 mixture of E and Z isomers. The z-butyl ester (65; R = Bu') gave
100% of the corresponding E isomer (68; X = Br, R = Bu’).33 The corresponding
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chloro and fluoro enol lactones were preparable using N-chlorosuccinimide or N-
fluorodiphenylsulfonamide, respectively, in place of NBS. Other anhydrides such as
glutaric, maleic, phthalic and phenylmaleic anhydrides were also used to prepare the
analogous halo enol lactones.?* The general mechanism of the reaction, illustrated by
the ketophosphorane from succinic anhydride (65), involves attack by NBS to yield a
tetrahedral bromo intermediate (66; X = Br) which can either break down to the anhy-
dride and the bromo ylide [which is rapidly brominated by NBS to the dibromo ylide
(69)], or progress to the bromo enol lactone (68; X = Br) via elimination of Ph3PO.%3

. COzMe _, COzMe
H  COMe MeLi, RCHO _

MeO,C SePh “EQO.70°C
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Aldehydes react with dimethyl 2-phenylselenofumarate (70) at —70°C in
diethyl ether in the presence of MeLi to give good yields of highly substituted
4-phenylselenobutano-y-lactones (71) and (72). High diastereoselectivity [for
benzaldehyde, (71):(72)—89:11] was rationalized by assuming the formation of a
chelated intermediate between MeLi and (70), with approach of the aldehyde from
the favoured si-face (Scheme 5).3*

| SN 0 K S

+ HO™ + H0
- 0 iy 0 2
O,N O,N

= ’ (0] O
O / OH
XJ;j;gz X
Y
(74) \
HO™ \
(6]
o
OH
(on X Y

Y (76)
(77) (75)

In solutions of sufficient basicity ((NaOH] 2 0.1 mm) 7-nitroisochroman-3-one (73)
undergoes reversible deprotonation to form the corresponding enolate. Although
ester hydrolysis accompanies enolization, observable quantities of the enolate persist
for several seconds. Rate constants for deprotonation by hydroxide ion [k} =
1.31(0.06) x 10* Imol~'s~ '], protonation of the enolate by water (k_; =212+
24s~1), and lactone hydrolysis (kog = 19.0 £ 0.3 1mol~!'s~!) have been determined
by monitoring the rates of formation and disappearance of the enolate. The kinetic data
were used to calculate the acid dissociation constant for (73) (pK,11.98).% Studies
of the alkaline hydrolysis of the aromatic lactones coumaran-2-one (74; X,Y = H)
and some 5-X-substituted 3-phenylcoumaran-2-ones (74; Y = Ph) have shown that
at high pH the first step is the reversible formation of an enolate ion (76), but
hydrolysis probably occurs via rate-limiting hydroxide addition to the carbonyl group
of the parent compound (74) to yield a tetrahedral intermediate (75), which breaks
down to the dianionic product (77).% Studies of the base-catalysed hydrolysis in
70% (v/v) aqueous dioxane at 30°C of substituted 3-phenoxy- and 3-thiophenoxy-
methylenephthalides (78) and (79) have been reported.?” The rate-determining step in
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the reaction is considered to be the addition of hydroxide ion to the lactone carbonyl
group, as shown in Scheme 6. An excellent correlation was found between the rates
of alkaline hydrolysis, the carbonyl stretching frequencies measured in CHCl3 or CCly
and Hammett o constants.’’

H R

X

(78) R= o@
X

(79 R= s@

0 O~ OH
=
O + HO o
N
H R H R
(0]
@COZ_ fast OH
o i
CH,R - R
SCHEME 6

(c) Acids and anhydrides

Studies of the thermal degradation of several aromatic acids have been reported.
Phthalic acid (80), but not isophthalic acid (81) or terephthalic acid (82), decom-
poses via dehydration to its anhydride at 140—160°C. However, (81) and (82) and
benzoic acid are thermally stable below 200 °C.*® Dissociation constants of all 19
isomers of methyl-substituted benzoic acids (83) have been measured in methanol
and DMSO. From the pK, values, the substituent effects of the methyl groups were
calculated and tentatively divided into polar and steric effects. Also, in the case
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of polymethyl derivatives, the buttressing effect was calculated with reference to
monomethyl derivatives. The steric effects may be classified as steric hindrance to
resonance—observed only in derivatives with two o-methyl groups, and electrostatic
induction in the deprotonated molecules—observed in all derivatives. Both effects

make the acids stronger and both are attenuated in solution, in methanol more than in
DMSO0.¥

CO,H CO,H
COZH CO,H
(Me),
COZH
CO,H CO,H
(80) (81) (82) 83) x=1-5

Kinetics of the reaction of diazodiphenylmethane (92) in a wide range
of alcohols with pyridine and pyridine-N-oxide 3- and 4-carboxylic acids
(84)—(87), 4-substituted benzoic acids (88),*° cis-4-substituted cinnamic acids (89),*'
2-(4-phenyl-substituted)cyclohex-1-enyl carboxylic acids (90), and 4'-substituted-
biphenyl-2-carboxylic acids (91)*? have been reported. Comparison of the new
results for 4-substituted benzoic acids with the published results of data for 3-
substituted benzoic acids was made,*® and it was concluded that the most important
solvent property influencing the rate of reaction appears to be the polarity of the
alkyl group expressed as Taft’s polar constant o*. Transmission coefficients in
the cinnamic acids (89) were compared with those in the bicyclic acids (90) and
(91)'41,42

CO,H CO,H CO,H Z~ >COo,H
CO,H CO,H
4 U .
X

o-
(84) (85) (86) (87) (88) (89)
CO,H COH

(90) 91) (92)
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In the reactions of 4-substituted-benzoylpyruvic acids (93) with arylamines in
toluene, intramolecular catalysis by the carboxyl group is observed (Scheme 7).}
By extending these studies in a range of solvents using aniline only,** it was observed
that the efficiency of intramolecular catalysis by the carboxyl group in these reactions
increases with a decrease in the polarity of non-specific solvating solvents; for
example, no catalysis is observed with dioxane as solvent.** A study of the reverse
reaction by the same group® has shown that it proceeds via general acid catalysis
(Scheme 8).

OH H_ Ph
P-RCeHy—(| O + PhNH, A 6
-RC¢H.
O“H/O p 6114 ‘ ,,/
0. .0
(93) H
NHPh NHPh
— - -RCgH.
H,0 p 64 =~ COH
p—RC6H4 \ (6]
HO HO
.0
H
SCHEME 7

p-RC6H4 W COzMe p-RC6H4 W COzMe
| + H,0 |

0. _N._ 0. .0
H C6H4R—p H

SCHEME 8

The reaction of various N-tosylated «-amino acids (94) with benzene in concen-
trated sulfuric acid yielded diphenyl derivatives (95).%° The mechanism proposed for
the reaction (Scheme 9) involves initial protonation of the carboxyl group to give
(96), which suffers decarbonylation to the N-tosyliminium salt (97). This reactive
electrophile (97) interacts with benzene to give a monophenyl compound (98) which,
via a Friedel-Crafts reaction, interacts with another molecule of benzene to yield
the diphenyl compound (95).*¢ Toluene and p-xylene reacted analogously*® to yield
diarylated products.

R : NHTs benzene R :
H,S04 (3.0 equiv)
CO,H
60-70°C, 5-7h
94) 95)

Ph

Ph
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A new water-soluble calix[4]arene-triacid-monoquinone (99) has been synthesized
and its ion-binding properties in aqueous solution were investigated by means of
voltammetry and UV -visible spectrophotometry. The electrochemical behaviour of
(99) is dependent on the concentration of Ca* jon rather than that of other alkaline
earth metal ions or alkali metal cations. The selective response towards Ca’" was
achieved even in the presence of a large excess (>1000-fold) of interfering Na*t
ion.*

99)

2-Chloro-4,6-dimethoxy-1,3,5-triazine (100) reacts with N-methylmorpholine at
20°C to yield an isolable quaternary triazinylammonium salt (101; R = Me, R’,R” =
C4HgO). This salt can then be reacted with a carboxylic acid to yield a
2-acyloxy-4,6-dimethoxy-1,3,5-triazine (102), which, in turn, can be reacted with an
amine to yield an amide (103).*® This sequence of reactions provides an explanation
for the ‘activation’ (formation of reactive ester) of the carboxylic acid function by
2-chloro-4,6-disubstituted-1,3,5-triazines (100) in the presence of hindered amines.
Several other hindered amines may replace N-methylmorpholine in the process, but
unhindered amines such as triethylamine and tributylamine were inactive.*
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A stopped-flow kinetic investigation®” of the imidazole-catalysed peroxyoxalate
chemiluminescence reaction has led to the proposal that a dioxetanone (109) may
be responsible for the chemiluminescence, rather than 1,2-dioxetanedione (104)
which had been suggested previously. The reaction studied, that between bis (2,4,6-
trichlorophenyl) oxalate (105) and hydrogen peroxide catalysed by imidazole, involves
initial formation of 1,1’-oxalyldiimidazole (106); (106) then reacts with H,O, to yield
the monoperoxy acid (107), which can progress either to the diperoxy acid (108) or
to imidazoylhydroxydioxetanone (109).*

(d) Acid halides

A kinetic study of the acylation of ethylenediamine with benzoyl chloride (110)
in water—dioxane mixtures at pH 5-7 showed that the reaction involves mainly
benzoylation of the monoprotonated form of ethylenediamine.’® Stopped-flow FT-IR
spectroscopy has been used to study the amine-catalysed reactions of benzoyl chloride
(110) with either butanol or phenol in dichloromethane at 0 °C. A large isotope effect
was observed for butanol versus butanol-O-d, which is consistent with a general-
base-catalysed mechanism. An overall reaction order of three and a negligible isotope
effect for phenol versus phenol-ds were observed and are consistent with either a
base- or nucleophilic-catalysed mechanism.’! Mechanistic studies of the aminolysis
of substituted phenylacetyl chlorides (111) in acetonitrile at —15 °C have revealed that
reactions with anilines point to an associative Sy2 pathway.>?

cocl CH,COCI
(110) (111)
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COCl HN. _NR, N\ NR,
I L
COCl S” NHAr g~ NAr

0

(112) (113) (114)

The proposed formation of 2,5-benzothiazocine-1,6-diones (114; R = Pr) from the
reaction of phthaloyl chloride (112) and amidino thioamides (113; R = Pr, Ar =
4-O,NC¢H4, 4-MeOCgHy) in pyridine has been disproved. Instead, supported by
an X-ray structure, the products have been shown to be spiro[4,4]lactones (116;
R = Pr, Ar = 4-O,NC¢Hy, 4-MeOCgHy). The proposed mechanism of formation of
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(116) involves initial intramolecular attack of the amidine group in a monosubstituted
intermediate (115), as shown in Scheme 10.33

The extended (two-term) Grunwald—Winstein equation has been applied to the
solvolyses of ethyl chloroformate (117) and ethyl chlorothioformate (118). For
each substrate, there is evidence for two competing reaction channels.* Solvolysis
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studies of substituted phenyl chloroformates (119) at various temperatures and
pressures have revealed that reaction proceeds either via an addition—elimination
reaction or via a synchronous Sy2-type process.” Kinetic studies of the solvolyses
of 4-substituted phenyl chloroformates (119) in ethanol- and methanol—-water
mixtures have been reported.’®~3® The kinetic solvent isotope effects determined in
D,0, CH;0D, and 50% D,0O-CH3;OD for the 4-MeO’7 and the 4-O,N® compounds
are consistent with a general-base-catalysed addition—elimination pathway. Treatment
of 2,6-dimethylphenyl chloroformate (120) with anhydrous HF at 100 °C yields the
corresponding fluoroformate (121), which upon heating at 200 °C decarboxylates to
2,6-dimethylfluorobenzene (122).%°

N~ cN N~ eN
0” N |
CO,R CO,Me
(123) (124) (125)
0
N—C2N
N/
(126)

(e) Ureas, carbamates, hydroxylamine, and derivatives
A bicyclic urea (123) was an unexpected product of the reaction between pyrro-
lidine and the phenyl ester of 2-cyano-1,4,5,6-tetrahydro-1-pyridinecarboxylic acid
(124; R = Ph); the corresponding methyl ester (124; R = Me) reacted, as expected, to
give the product of Michael addition (125).° The better leaving ability of phenoxide
vs methoxide presumably tilted the reaction towards the substitution rather than the
addition product, although thiols (e.g. PhSH) underwent only the addition reaction.
Solvolyses of the N,N-diphenylcarbamoylpyridinium ion (126) were found to be
subject to specific and/or general base catalysis, which could be eliminated by addi-
tion of perchloric acid or increased, especially in fluoroalcohol-containing solvents,
by addition of pyridine. The uncatalysed solvolyses in aqueous methanol and aqueous
ethanol involve a weakly nucleophilically assisted (I = 0.22) heterolysis and the
solvolyses in the pure alcohols are anomalously slow.®!
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Under Dakin—West reaction conditions (trifluoroacetic anhydride—MeCN/80 °C/5 h),
N-methoxycarbonylproline (128; R = Me) yielded N-methoxycarbonyl-4-trifluoro-
acetyl-2,3-dihydropyrrole (129; R = Me) and none of the expected Dakin—West
product, the trifluoromethyl ketone (127).> A possible mechanism proposed by the
authors®? involves initial formation of a mesoionic 1,3-oxazolium-5-olate (130; R =
Me), but the pathway to the N-methoxycarbonyl-2,3-dihydropyrrole (131; R = Me)
and thence the final product (129; R = Me) was unexplained.®”

COCF;
{ decomr, = L {3
1? COCF; If CO,H IT
CO,R CO,R CO,R
127 (128) (129)

[\
QCOZH _TFAA Q\ﬁo | TR (129
)
0 |

CO,R RO CO,R
(128) (130) (131)

An appraisal has been made of the available kinetic data on the acid hydrolyses
of hydroxyamic acids. For N-substituted hydroxamic acids both A-2 and A-1 paths
are recognized, but for primary hydroxamic acids there is evidence only for the A-2
pathway.®

The O-benzoyl derivative of N-methylphenylacetohydroxamic acid (132; R!, R?> =
Ph) upon treatment with Et;N in toluene at 110 °C for 1 h rearranged to N-methyl-2-
benzoyloxyphenylacetamide (134; R!, R? = Ph).%* Most variations of R! (2-napththyl,
PhCH=CH,, PhCMe=CH,, PhCBu=CH,) or R? (Me, Bu’, 4-O,NC¢H,) also gave the
analogous products, the fastest reaction occurring with the 4-nitrobenzoyl compound
(132; R! = PhCH=CH,, R? = 4-O,NCg¢H,). The mechanism proposed for the reac-
tion was a novel [3,3]-sigmatropic rearrangement of the enol form of the N-methyl-
O-acylhydroxamic acids (133) (Scheme 11).%
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(f) Amides and anilides
The neutral and acid-catalysed mechanisms of hydrolysis of formamide, HCONH,,
have been revisited and a comparison made between ab initio, semiempirical and DFT
results.® Ab initio MO calculations on the alkaline hydrolysis of para-substituted
acetanilides (135) in the gas phase have shown that the activation energy depends on
the nature of electron-withdrawing groups (e.g. X = NO,, CN, CI) but is invariant for
electron-donating groups (X = NH,, OMe).%

Theoretical calculations of minimum energy structures and thermodynamic terms
using SCF theory with thermodynamic and solvation corrections have been made of the
cyclization of 1-amino-8-(acetylamino)naphthalene (136) to give 2-methylperimidine
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(137) with the liberation of water and of the related reaction of 1-hydroxy-
8-(acetylamino)naphthalene (138) to 2-methylnaphtho[1,8-b,e][1,3]oxazine (139).
The calculations predict that in the gas phase the former reaction is strongly
thermodynamically favourable whereas the latter is much less favourable. The results
are in qualitative agreement with experimental observations for the reaction in
solution.®’

Alkaline earth (Ba, Sr) metal ethoxides have been found to be more reactive than
free ethoxide in the ethanolysis of simple activated amides such as N-methyl-2,2,2-
trifluoroacetanilide (140), N-methyl-1-chloroacetanilide (141) and m-nitro-N-methyl-
2,2,2-trifluoroacetanilide (142); enhanced catalysis was observed upon addition of
equimolar amounts of 18-crown-6.%
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2-(4-Nitrobenzoylamino)-2,2-dimethylpropanamide (143; R = Me) reacts in
methanol-DMSO solution with sodium methoxide to yield 5,5-dimethyl-2-(4-
nitrophenyl)imidazol-4(5 H)-one (144; R = Me).%’ The 4-methoxyphenyl derivative
and the parent phenyl derivative react similarly, as do compounds in which variation
of the 2-substitutent (R = Pr’, Ph, 4-O,NC¢H,) was made. The mechanism of the
cyclization probably involves initial formation of the anion of the alkanamide (145),
which adds to the carbonyl group of the benzamido moiety to yield the tetrahedral
oxyanion (146); proton transfer and dehydration then yield the heterocycle (144).%°

The kinetics of hydrolysis in water at 70 °C and pH 2—11 of N-glycidylmorpholine
(147) have been reported.”
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Except at extremes of pH and high temperature, peptide bond hydrolysis is a
slow process that is difficult to quantify accurately. Using a new, highly fluorescent
derivative of amines to quantify by HPLC the amine products of hydrolysis of N-
(phenylacetyl)glycyl-D-valine (148), an acylic analogue of penicillin G, its pH-rate
profile over the range pH 0—14 has been constructed.”! Both hydrolysis products,
glycyl-D-valine and D-valine (Scheme 12), are formed at all pHs, and it is shown that
the rate constants (k;, k3) are very similar. At pH 7, where ky,o is dominant, the
half-life of the glycyl-D-valine bond was found to be ca 265 years.”!

(g) Lactams

An ab initio study of the acid hydrolysis of S-lactams has yielded a value of 14.23 kcal
mol~! for the energy barrier for the opening of the ring.”> Two theoretical studies of N-
methyl-2-azetidinone (149) have been reported. In the first, semiempirical calculations
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0
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(149) (150) (151) (152) (153)

A=



2 Reactions of Carboxylic, Phosphoric, and Sulfonic Acids 61

(PM3) were used to investigate solvent effects on the alkaline hydrolysis of (149)”3
and in the second, the effect of an ancillary water molecule on the neutral and alkaline
hydrolysis mechanisms of N-methylazetidinone (149) was studied at the Hartree—Fock
and MP2 levels using the 6-31G* and 6—31 + G* basis sets.”*

Reaction rate constants obtained in moderately concentrated sulfuric acid for the
hydrolysis of simple lactams of ring sizes five, six, seven and eight (150)—(153) as
a function of acidity and temperature have been analysed using the excess acidity
kinetic method.”

= | 0
0
\ NH
— HN H
HZN\\HI\if S mMe
/l/;dl\’:)< 0 HN A I-Me
o “cor
co, CO,
(154) (155)
CH;CH,CH,CN

(156)

Kinetic studies of the ‘unnatural’ 6-¢-epimer of ampicillin, 6-epi-ampicillin (154),
have revealed an intramolecular process not undergone by ampicillin (or other ‘natural’
B-substituted penicillins).”® At pH 6—9, intramolecular attack of the S-lactam carbonyl
group by the side-chain amino group of (154) yields a stable piperazine-2,5-dione
derivative (155). Theoretical calculations show that the intramolecular aminolysis of
6-epi-ampicillin nucleophilic attack occurs from the a-face of the B-lactam ring with
an activation energy of 14.4kcalmol~!.7® In other respects, the hydrolysis of the
6-a-epimer is unexceptional.

(h) Non-heterocyclic nitrogen centres
The effect of high pressure (128—2600 bar) and high temperature (330°C) on the
hydrolysis of butyronitrile (156) has been reported.”’

A domino reaction of 1,1-diphenyl-3,3-dilithioallene (157) with benzonitrile yields
both a yellow imidazole (158; R = Ph X = NH) (12%) and a colourless 5-imidazol-
5-yl-1,4-dihydropyrimidine (159; R =Ph) (51%), the products, respectively, of
the incorporation of three and four nitrile molecules.”® The proposed mechanism
(Scheme 13) involves initial formation of an intermediate (160) that is the product of
the interaction of three molecules of benzonitrile with 1,1-diphenyl-3,3-dilithioallene
(157), which cyclizes to (162; R = Ph) and then eliminates a molecule of benzonitrile
to produce (161; R = Ph). Re-addition of benzonitrile at a different locus produces



62 Organic Reaction Mechanisms 1998

Ph Li phHN” N Ph Ph| N
. N S — + N
Ph _\Li PN R Pe | R
157) _ R N7 R
X" R |
H
(158) (159)

R R
R—C=N >/~ N mo L
asp LSS _py N i

THF, 0°C ; .

Ph N N Ph N N
B39 40 — R—C=N —
2 - =
Ph N R Ph N R
. Li
N R 2 Ll+ 1 Ll+
(163) (161)
SCHEME 13

(163; R = Ph), which either can suffer protonation to give the imidazole (158; R = Ph)
or can react with a further molecule of benzonitrile to yield, after several steps, the
imidazoyl-1,4-dihydropyrimidine (159; R = Ph).”®

The epoxyisonitrile [164; R = (CH;)sMe] upon treatment with Bu’OK in Bu’OH
yielded the «, B-unsaturated ketone [165; R = (CH;)sMe], the mechanism of forma-
tion of which (Scheme 14) plausibly involving the intermediacy of the 5,6-dihydro-
4H-1,3-oxazine [166; R = (CH,)sMe].”’

A theoretical study of the reaction of water and methanol with HNCO has led to
a prediction of a four-centred transition state for both reactions.®’ The interactions of
water8! and of alcohols®? with alkyl isocyanates have been the subject of both exper-
imental and theoretical study. In the case of hydration, evidence for initial interaction
of water and water clusters (n = 1-3) across the N=C bond of the alkyl isocyanate
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rather than the C=0 bond was adduced by ab initio methods, both in the gas phase
and in aqueous solution. The C=0 bond of the alkyl isocyanate thus remains intact in
the first-formed intermediate, the carbamic acid (168), but this rapidly breaks down to
CO; and an amine, which reacts with a further molecule of isocyanate to give the 1,3-
disubstituted urea (169).%! By contrast, alcohol addition to an alkyl isocyanate yields a
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stable carbamate (170). The experimental study of this reaction, which was undertaken
employing propan-2-ol and cyclohexanol in low and high concentrations, suggested
that either two or three molecules of alcohol are involved in the initial interaction
with the isocyanate; like the hydration reaction, the addition of alcohol occurs in a
concerted way across the N=C bond of the isocyanate, rather than the C=0 bond.??

A study of the kinetics of the reaction between O,O-diethyl 1-amino-1-
methylethanephosphonate (171) and phenyl isocyanate (172) has been reported. The
product of the adduction (173) is considered to have an autocatalytic effect on the
reaction.®?

o O

(EtO),P—CMe,NH, + PhNCO (Et0),P — CMe,NHCONHPh

171) 172) 173)

1-Methyl-1-nitroso-3-benzoylguanidine (174; X = H) undergoes denitrosation by
two parallel pathways (Scheme 15). One involves a slow nucleophilic attack concerted

H
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with an intramolecular proton transfer, and the other a slow concerted denitrosation,
where a second proton transfer and NO™ expulsion are simultaneous.3*

A domino carbenoid cyclization/4 4 2-cycloaddition/cationic 7 -cyclization protocol
as a method for construction of complex nitrogen heterocycles such as lycopine and
aspidospermine indole alkaloids has been reviewed.®> The constructs for this process
are diazoimides (175), which upon treatment with a rhodium(Il) catalyst yield 1,3-
oxazolium 4-oxides (isomunchones) (176). As cyclic equivalents of carbonyl ylides,
the isomunchones (176) readily undergo 4 + 2-cycloaddition with electron-rich or
electron-deficient dipolarophiles. By incorporating an internal nucleophile on a tether,
annulation of the original cycloadduct (178) allows for the construction of more
complex nitrogen heterocyclic systems, e.g. (177); see Scheme 16.%

(i) Other heterocyclic nitrogen centres
2,5-Dioxopiperazines are products of sometimes unwanted cyclizations of the N-
terminal residues of di- and oligo-peptides and proteins. As a model for this process,



66 Organic Reaction Mechanisms 1998

in which the nitrogen atom of the N-terminal deprotonated amino group attacks the
C=0 group of the second residue, the cyclization of H-Ala-Pro-NH;, (179) to the
bicyclic 2,5-dioxopiperazine (180) has been studied.3® At low pH, the protonated
amide carbonyl undergoes attack by the free amino group to give Tt (Scheme 17).
At high pH the pH-rate profile levels off, and this is interpreted as a trans — cis
isomerization of the Ala-Pro peptide bond, rendering the cyclization unattainable.

HN -~ H ﬁ
W I
(179) (180)
Me (6] (0]
c C// [
BN Me C\
WD =D
-~ +
H,N
H2N\C 2 \C
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The general chemistry of acylpyridinium salts (181) and their role in the nucleo-
philic catalysis by pyridine of carbonyl substitution reactions have been reviewed and
compared with the role of acylammonium salts (182).%7
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The rates of alkaline hydrolysis of a series of amino derivatives of 4-fluoro-(183;
X = NH;) and 2-fluoro-pyrimidines (184; X = NH,) have been compared, revealing
that the former hydrolyse more rapidly.3® Some difluoro analogues (184; X = F) with
amino and alkyl substituents were also studied, the 4-fluoro substituent departing the
more readily.

The desymmetrization of the N-phenylcyclopropylsuccinimide (185) has been
effected by its reaction at low temperature with a chiral base (186) and an in situ
electrophile, trimethylsilyl chloride. The silylated product (187) was obtained in 80%
yield and 95% ee (Scheme 18).%°
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N o N
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Kinetic evidence has been obtained for ion-pair formation when the effects of inor-
ganic salts on the alkaline hydrolysis of N-phthaloylglycine (188) were investigated.”®
Kinetic studies have been reported of acetyl transfer in acetonitrile from N-
acetyloxypyridinium cations (189) to 4-(4’-N, N-dimethylaminostyryl)pyridine N-oxide
(190), pyridine N-oxide (191) and 4-dimethylaminopyridine (192).°! In a follow-up
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study,”” methoxycarbonyl transfer to and from similar and analogous reactants
have been reported. Generally, it was found that the methoxycarbonyl transfer
was a concerted process and reactivity depended on the ionization potential of the
nucleophile and the electron affinity of the acylonium salt.®?

Solvent effects have been investigated in isatin (193) hydrolysis.”®> Results from
ethanol—water and acetonitrile—water mixtures revealed that for alkaline hydrolysis
log k was correlated with the reciprocal of the dielectric constant. A tetrahedral inter-
mediate (194) is involved, which breaks down to yield the ring-opened amino acid
(195).”3 A comparison has been made of the lability of isatin (193) towards diethyl-
amine and hydroxide ion, the latter showing the greater effect.’*
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_ COCO,H
= HO™ O 2
| 0 —
X N N OH
N N NH,
(193) (194) (195)
. o
N
H
(196)

A complete study of the basic hydrolysis of pyrazolidinone (196) by ab initio calcu-
lations at RHF/6-314-G*//RHF/6-314+-G* and MP2/6-31+G*//MP2/6-31+G* levels
has been carried out. The alkaline hydrolysis has been studied through a Bac2 mech-
anism, characterized by a nucleophilic attack of the hydroxyl group on the carbonyl
of the y-lactam ring, formation of the tetrahedral intermediate, and cleavage of the
C(2)—N(3) bond to yield the final reaction product.”

Studies of the acid-catalysed kinetics of a simple cyclic N-nitroamidine have been
reported.”® N-Nitrotolazoline (197) (i.e. N-nitro-2-benzyl-4,5-dihydro-1 H-imidazole),
which was formed from the «-adrenergic blocking agent, tolazoline (197; H for
NO,) by treatment with N,O4, undergoes acid-catalysed hydrolysis to form N-(2-
hydroxyethyl)phenylacetamide (199). The proposed mechanism involves rapid water
attack of a protonated intermediate (198) followed by a slow, intramolecular rearrange-
ment involving proton transfer to yield a zwitterion (200), which eliminates N,O to
yield the product (199) (Scheme 19).%

3-(Dimethylamino)propanol (201; R = H) is known to be acetylated by N-
acetylimidazole (206) by a mechanism that involves intramolecular general base
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catalysis (Scheme 20). Now a study of the rates of acetylation of 2-alkyl (201;
R = Bu') and 2,2-dialkyl analogues (202)-(205) by N-acetylimidazole (206) in
MeCN have been reported.”’ Only a modest increase in acetylation rate was detected
for the series, the highest rate being seen with the adamantyl compound (205), where
the magnitude of the internal bond angle at the 2-position, @ = 107°, was the smallest.
Effective molarities were estimated to be 13—14 m.!’

An electron-withdrawing group (EWG) on the nitrogen of a pyrrole of the type
(210) is thought to suppress the formation of a highly electrophilic azafulvenium
species (208) in nucleophilic substitution reactions (Scheme 21). In the absence of
such deactivation, the analogous pyrroles (207) readily react with a nucleophile, via
the postulated azafulvene intermediate (208) to give products of the type (209). If
the EWG is an N-protected a-aminoacyl group, e.g. (212), then it is feasible that
in vivo esteratic removal of the EWG could lead to a reactive azafulvene (208)
which would be capable of inactivating the enzyme by alkylation (Scheme 21, where
Nu~ is an amino acid in the enzyme’s active site). Such a latent reactive inhibitor
of serine proteases has been developed in which the EWG is N-phthalylleucinyl,
i.e. (212a).”® Now studies of the fate of each of the *H-labelled hydrogens of the
methylene group of (212a) in which (212b) and (212¢) were base-hydrolysed in
the presence of an external nucleophile, (+)-sec-butylamine (215), have shown that
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the reaction proceeds by an initial intramolecular N- to O-acyl transfer to yield
(214) (pathway a, Scheme 22), which upon deacylation yields an azafulvene (213).
Evidence for the intervention of the azafulvene (213) was the isolation of the (S)-
and (R)-sec-butylamino[>H]methylpyrroles (216; R = D) formed by its reaction with
(+)-sec-butylamine (215) (pathway b).*8

Reactions in Aprotic Solvents

Several reactions that have been conducted in aprotic solvents have been dealt with
earlier; see references 1, 2, 19, 25, 31, 39, 43, 44, 51, 52, 91, 92 and 97. The following
references ahead also deal with reactions in aprotic solvents: 101, 113, 139, 165-167,
and 179-181.
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Intramolecular Catalysis and Neighbouring-group Participation

Neighbouring-group participation in the hydrolysis of esters and amides has been
reviewed.” The effects of urea, Nat and LiT on the intramolecular general-base-
catalysed glycolysis of phenyl salicylate (217) in glycol—acetonitrile solvent at constant
water concentration have been reported.'?

The stereoisomeric bicyclic amino alcohols (218) and (219) each undergo in tetrahy-
drofuran solvent ready acetylation with acetyl chloride and ready mesylation with
methanesulfonyl chloride. Reaction of the endo isomer (219) very probably proceeds
via the intramolecular 5-exo-Trig pathway, similar intermediates being formed in
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both acetylation (Scheme 23) and mesylation (Scheme 24).'”' However, although not
discussed by the authors, the exo isomer (218) cannot react in a similar way, and
intermolecular catalysis presumably occurs.

Association-prefaced Catalysis

Hydrolysis of substituted phenyl acetates is catalysed by the Zn(Il) complex of 1,5,9-
triazacyclododecane (220). The results support the mechanism in which the ester is first
complexed to the metal centre, and then water or hydroxide ion makes a nucleophilic
attack at the complexed ester.'??
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The substrate specificity in solvolysis reactions of p-nitrophenyl alkanoates (222;
n = 2—18) catalysed by 4-(dialkylamino)pyridine-functionalized polymer (221) can be
controlled by the concentration of (221) in 50:50 (v/v) methanol—aqueous phosphate
buffer solution at pH 8.0 and 30°C. Below 1.0 x 10> unit mol 1!, macromolecule
(221) exhibits substrate specificity for (222; n = 14). As the concentration of (221)
increases to 2.5 x 10~ unit mol 17!, the substrate preference changes from (222;
n = 14) to (222; n = 12). The substrate specificity changes again from (222; n = 12)
to (222; n = 10) when the concentration of (222) increases further to 7.5 x 107>
unit mol 17!, The control of substrate specificity by polymer catalyst concentration is
claimed to be unprecedented for catalysis of ester solvolysis.'??

The cleavage of p-nitrophenyl alkanoates (222; n = 1-8) at high pH is modestly
catalysed by micelles formed from cetyltrimethylammonium bromide (CTAB) in
aqueous solution. Rate constants exhibit saturation behaviour with respect to [CTAB],
consistent with substrate binding in the micelles. The strength of substrate binding and
transition state binding to the micelles increases monotonically with the acyl chain
length, and with exactly the same sensitivity. As a result, the extent of acceleration
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(or catalytic ratio) is independent of the ester chain. These and earlier results are
consistent with the reaction centre being located in the Stern layer of the micelle, with
the acyl chain of the ester being directed into the hydrophobic micellar interior.!%*

Complexation with caffeine and theophylline-7-acetate depresses the rate of alka-
line hydrolysis of substituted phenyl benzoates and is consistent with the formation of
molecular complexes with 1:1 stoichiometry between the hosts and esters; stacking of
the xanthines is excluded as an explanation in the range of concentrations studied. Inhi-
bition of hydrolysis is attributed to repulsion of the hydroxide ion from the host—ester
complex by the extra hydrophobicity engendered by the xanthine host, as well as
by the weaker binding of the transition state to the host compared with that in the
host—ester complex.'?

The effects of micelles of cetyltrimethylammonium bromide (CTABr), tetradecyl-
trimethylammonium bromide (TTABr) and sodium dodecyl sulfate (SDS) on the rates
of alkaline hydrolysis of securinine (223) were studied at a constant [HO™] (0.05 m).
An increase in the total concentrations of CTABr, TTABr and SDS from 0.0 to 0.2
M causes a decrease in the observed pseudo-first-order rate constants (kqps) by factors
of ca 2.5, 3, and 7, respectively. The observed data are explained in terms of pseu-
dophase and pseudophase ion-exchange (PIE) models of micelles.!? Cationic micelles
of CTABr speed attack of hydroxide ion upon coumarin (224) twofold owing to a
concentration effect.!?’
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Molecular dynamics free-energy perturbation simulations utilizing the empirical
valence bond model have been used to study the catalytic action of B-cyclodextrin
in ester hydrolysis. Reaction routes for nucleophilic attack on m-t-butylphenyl acetate
(225) by the secondary alkoxide ions O(2)~ and O(3)~ of cyclodextrin giving the
R and S stereoisomers of ester tetrahedral intermediate were examined. Only the
reaction path leading to the S isomer at O(2) shows an activation barrier that is lower
(by about 3kcal mol™') than the barrier for the corresponding reference reaction in
water. The calculated rate acceleration was in excellent agreement with experimental
data.'®®

The micellar kinetics of the acyl transfer from n-nonanoyloxybenzenesulfonate
(226; X = SO37) and phenyl nonanoate (226; X = H) to hydrogen peroxide (227;
R =H) and pernonanoic acid [227; R = Me(CH;);CO] have been reported. The
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Me(CH,);CO—O—OR + O Ox

micellar association constant of phenyl nonanoate with SDS is four orders of magni-
tude greater than that of n-nonanoyloxybenzenesulfonate owing to the absence of the
negatively charged sulfonate group, whilst the apparent micellar association constant
of the transition state for its reaction with pernonanoate is more than an order of
magnitude less.'*

Metal-ion Catalysis

Ruthenium(IIl) catalyses the oxidative decarboxylation of butanoic and 2-
methylpropanoic acid in aqueous sulfuric acid.'” Studies of alkaline earth (Ba, Sr)
metal alkoxides in amide ethanolysis®® and of alkali metal alkoxide clusters as highly
effective transesterification catalysts® were covered earlier. Kinetic studies of the
ethanolysis of 5-nitroquinol-8-yl benzoate (228) in the presence of lithium, sodium,
or potassium ethoxide revealed that the highest catalytic activity is observed with
Nat 110

In the hydrolysis of methyl (229; X = OMe) and ethyl esters of «-amino acids (229;
X = OEt) the catalytic effectiveness of Ce(III) and Nd(III) was the highest for a set
of 20 lanthanide ions; Ln(III) and Yb(III) were the least effective. For the hydrolysis
of amides of w-amino acids (229; X = NH,), however, the Ce(IV) ion is much more
active than any of the lanthanide(III) ions.'!!

NO,
RCH(NH,)COX
—
N (229)
OCOPh
(228)

Decarboxylation

Glycine anion (230) is decarboxylated when exposed to hydroxyl radicals. The major
initial product is an amino radical cation (231), which suffers rapid (<100 ns) frag-
mentation into CO, and a carbon-centred radical (232).''?> Oxidative decarboxylation
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of butanoic and 2-methylpropanoic acid in aqueous sulfuric acid is catalysed by
ruthenium(IIT).'%°

When 1,3-dimethylorotic acid (233) was heated at 198 °C in benzyl bromide for 3 h,
6-benzyl-1,3-dimethyluracil (236) was formed in 10% yield together with the product
of decarboxylation, 1,3-dimethyluracil (235). This finding supports the involvement
of a carbon-6-centred nucleophilic intermediate in the decarboxylation reaction; a
carbanion (234) could be involved or a carbene (237).'!3

Oxalic acid, tartaric acid, and other hydroxylated di- and tricarboxylic acids are
decarboxylated to varying extents by radical pathways when reacted at 25°C with
Ce(IV) in 1 M sulfuric acid solution.'!*

Enzymic Catalysis
General

Isotope effects have been measured for the reaction of p-nitrophenyl acetate with
chymotrypsin, papain and an acid protease and the results compared with data from
its uncatalysed reactions with oxygen and sulfur nucleophiles. The isotope effects,
which were measured by the competitive method and are therefore effects on V/K, were
determined at the B-deuterium (Pk), carbonyl carbon ('*k), carbonyl oxygen ('8kc=0),
leaving-group phenolic oxygen (!8k;,) and leaving-group nitrogen (!°k) positions (see
Scheme 25).!> All of the enzymatic reactions showed isotope effects consistent with
a concerted mechanism like that seen in uncatalysed aqueous reactions, but exhibited
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smaller inverse B-deuterium effects than seen in the non-enzymatic reactions. This
phenomenon may be explained by greater hydrogen bonding or electrostatic interaction
with the ester carbonyl group in enzymatic transition states relative to non-enzymatic
aqueous transition sates.'!

A new, more general, way to combine ab initio quantum mechanical calculations
with classical mechanical free-energy perturbation approach (QM/FE approach) to
calculate the energetics of enzyme-catalysed reactions and the same reaction in solu-
tion has been reported.''® The calculated free energies were in fairly good agreement
with the experimental data for the activation energies of the first test case, amide
hydrolysis in trypsin and in aqueous solution.''®

B-Lactamases

The mechanism of catalysis and the inhibition of S-lactamases have been reviewed
(75 references).'!”

Other Enzymes

A semi-synthetic metalloenzyme that catalyses the enantioselective hydrolysis of
simple amino acid esters has been reported.''® Iodoacetamido-1,10-phenanthroline
(238) was interacted with a cysteine residue in adipocyte lipid binding protein
(ALBP) to produce the conjugate ALBP—Phen (239), which was converted into its
Cu(II) complex. The ALBP—Phen—Cu(Il) was found to catalyse the enantioselective

(239) (ALBP-Phen)
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hydrolysis of several amino acid esters under mild conditions (pH 6.1, 25°C) at
rates 30—250-fold above the spontaneous rate. A possible mechanism involves the
positioning of the amino acid ester around the copper such that the C=0 group is
activated towards attack by water or hydroxide ion (see Scheme 26).'!8

+ R'OH

SCHEME 26
NON-CARBOXYLIC ACIDS

Phosphorus-containing Acids
Phosphates and Phosphonates

Solvolysis studies of meta- and para-substituted phenyl phosphates (240) in anhy-
drous Bu’OH and in Am'OH have revealed that generally reactions of dianions are
much faster in alcohols than in water. For example, the dianion of p-nitrophenyl phos-
phate (240; X = 4-NO,) reacts 7500- and 8750-fold faster in Bu’OH and Am'OH,
respectively, than in water.!!” The results of a theoretical study of the reactivity of
phosphate monoester anions in aqueous solution do not support the generally accepted
view that Brgnsted coefficients B, = —1.23 and Bn,c = 0.13 determined more than
30 years ago for the uncatalysed reaction of water and a monophosphate dianion
(241) represent conclusive evidence for the dissociative mechanism. It is suggested
that, instead, the observed LFERs could correspond to a late transition state in the
associative mechanism.!'?

An aquahydroxy complex of Co(Ill) with 1,4,7,10-tetraazacyclododecane (243) has
been shown to be an effective catalyst for the hydrolysis of p-nitrophenyl phos-
phate (240; X = 4-NO,), bis(p-nitrophenyl) phosphate (242; X = H) and bis(2,4-
dinitrophenyl) phosphate (242; X = NO,).'?! Whereas Th*" had no effect, Ce*"

) o NH HN
X I ||_ .
@01%01{)2 ROT o POH
. NH HN

(240) (241) (242) (243)
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caused an acceleration of 2 x 108-fold in the acid hydrolysis of dimethyl phos-
phate (244). The mechanism of the catalytic process is uncertain and is undergoing
investigation.'??

Quantitative 3'P NMR examination of the hydrolysis of dimethyl phosphonate
(245) using '30-enriched water under base-catalysed conditions supports a mechanism
involving P—O rather than C—O bond cleavage.'?’

Ab initio calculations to map out the gas-phase activation free energy profiles of the
reactions of trimethyl phosphate (TMP) (246) with three nucleophiles, HO™, MeO™
and F~ have been carried out. The calculations revealed, inter alia, a novel activation
free-energy pathway for HO™ attack on TMP in the gas phase in which initial addition
at phosphorus is followed by pseudorotation and subsequent elimination with simulta-
neous intramolecular proton transfer.'?* Ab initio calculations and continuum dielectric
methods have been employed to map out the lowest activation free-energy profiles for
the alkaline hydrolysis of a five-membered cyclic phosphate, methyl ethylene phos-
phate (247), its acyclic analogue, trimethyl phosphate (246), and its six-membered
ring counterpart, methyl propylene phosphate (248). The rate-limiting step for the three
reactions was found to be hydroxyl ion attack at the phosphorus atom of the triester.'?>

The kinetics and mechanism of the acid hydrolysis of tris[4-(2'-phenylisopropyl)
phenyl] phosphate (249) have been reported.'?¢

I\|/Ie (0]
+ o
PhCHZCH@ o|p=o0 [Cu(MezNCHZCHZNMez)(OH)(HZO)] PrO —E|’—F
3 Me
(249) (250) (251)

A hydroxoaqua copper complex containing N, N, N’, N'-tetramethyl-1,2-diamino-
ethane (250) is an excellent catalyst for the hydrolysis of sarin, O-isopropyl
methylphosphonofluoridate (251), and diethyl p-nitrophenyl phosphate (252; R = Et).
The mechanism of the reaction probably involves bound hydroxide attacking the
phosphoryl group with concomitant electrophilic catalysis by copper.'?’

Two types of amphiphilic quaternary 3-pyridinium ketoximes (253a, b) with
different positioning of the hydrophobic alkyl chain have been synthesized and
tested as hydrolytic micellar catalysts. A considerable positive deviation from the
expected first-order curve was observed in the absorbance vs time plot when p-
nitrophenyl diphenyl phosphate (252; R = Ph) and p-nitrophenyl diethyl phosphate
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(252; R = Et) were hydrolysed in micellar solutions of the prepared ketoximes under
pseudo-first-order reaction conditions.'?® In the alkaline hydrolysis of p-nitrophenyl
ethyl chloromethylphosphonate (254), micellar catalysis by cetylpyridinium bromide
is much reduced when KCl and KBr are present.'?’

o /OONOQ

N
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0 o} 0
| I+ mo |
(PhO),PCl (PhO),PNR; (PhO),POH
(256) (257) (258)
I I
HSQNHP(OH)Z QNHP o©so3H
2
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p-Nitrophenyl 1,8-naphthyl phosphate (255) is 1-2 orders of magnitude more reac-
tive than p-nitrophenyl diphenyl phosphate (252; R = Ph) towards nucleophilic attack.
An X-ray crystal structure of (255) revealed that the O(2)—P—O(3) bond angle is
105.8° and is therefore ‘unstrained.” If a trigonal bipyramidal intermediate is formed,
some strain will be engendered in attaining an O—P—O bond angle of 120°, but
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the principal source of the higher reactivity of (255) over (252; R = Ph) is prob-
ably due to the easy access of the nucleophile to the phosphoryl centre.®® Tertiary
amines, pyridine, and imidazoles catalyse the hydrolysis, in aqueous acetonitrile, of
diphenyl phosphochloridate (256) by attacking the phosphorus and displacing the
chloro substituent to yield a cationic intermediate (257), which hydrolyses to diphenyl
phosphate (258).13!

Phosphorus—Nitrogen Centres

Kinetic studies have been reported of the acid hydrolysis of N-(p-sulfophenyl)phos-
phoramidic acid (259)!3? and of bis(p-sulfonyl) N-phenylphosphoramidate (260).!3

Methyl P-bromomethyl N-z-butylphosphonamidate (261; R = Me) rearranges with
methoxide, giving dimethyl-z-butylaminomethylphosphonate (263; R = R’ = Me)
and dimethyl-z-butyl- N -methylphosphoramidate (264; R = R’ = Me) in comparable
amounts. These products are derived from the (postulated) azaphosphiridine oxide
intermediate (262; R = Me) by nucleophilic attack at phosphorus and cleavage at the
P—N or P—C bond (Scheme 27). Increased bulk in the alkyl group of the alkoxy
ligand (R = methyl < cyclohexyl < ¢-butyl < menthyl) or the alkoxide nucleophile
(methoxide < r-butoxide) increases P—N bond cleavage at the expense of P—C
cleavage.'3*

O
—OR’ |l|l —OR
,
. ﬁ ﬁ / Bu'NH OR
\_l|,_OR o TN/P—OR (263)
NHBu’ Bu’ or Me (”)
(261) (262) BuN—P—OR
v
(264)
SCHEME 27

Compared with N,N-diethyl isopropylphosphonochloridate (265b), the corre-
sponding fluorenyl compound (265a) shows remarkably high reactivity in
nucleophilic substitution with Et,NH. Substitution is catalysed by base {I,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU)} and shows little discrimination between
competing Me,NH and Et,NH. These characteristics point to an elimination—addition
(EA) mechanism with a reactive phosphene intermediate (266; Scheme 28). When
Et,ND is the nucleophile, H-D exchange at the «-carbon atom occurs much more
quickly than substitution. This suggests that the elimination stage of the EA mechanism
is reversible EIcB.'%
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The tetrazole-catalysed alcoholysis of simple dialkylphosphoramidates (267) in
THF to yield trialkylphosphites (268) occurs via nucleophilic catalysis (Scheme 29).
The proposed mechanism sees tetrazole acting first as an acid catalyst to give the
protonated intermediate (269), which then reacts with tetrazolide anion to yield the
tetrazolylphosphite (270); alcoholysis of the latter (270) then yields the final product,
the trialkylphosphite (268).'3

Phosphorus—Oxygen and Phosphorus—Sulfur Centres

Benzoic acid (271) when reacted with PCl; yielded an adduct (272) which underwent
an Arbuzov rearrangement to the phosphoryl compound (273), which eliminated 3HCI
to give benzoylphosphonic anhydride (274). Addition of water to the reaction mixture
converted the anhydride (274) into benzoylphosphonic acid (275), which underwent
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SCHEME 29

an addition reaction at its C=0 group with the product of PCl; hydrolysis, phosphinic
acid (276), to yield as the ultimate product phenylhydroxymethanediphosphinic acid
(277). This pathway excludes the formation of benzoyl chloride, presumed hitherto to
be the precursor which is phosphorylated to yield the diphosphinic acid (277).'%
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The reaction of R,P—O~ and R,P—S~ with methyl 1-bromo-2,2-diphenylcyclo-
propanecarboxylate (278) proceeds by the initial displacement of bromide ion, and
thence gives rise to a complex mixture of products.'*®

Benzyl methyl Y-substituted benzyl phosphites (280) react in CCly at low temper-
ature (—20 to 40°C) with z-butyl hypochlorite (279) to give a complex mixture of
products. Tetraalkoxyphosphonium chlorides (281; At = YCcH,) are the key inter-
mediates, and it is proposed that they can undergo heterocyclic fragmentation in five

different ways (Scheme 30).!%
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A thorough investigation has shown that the Tanigawa amination of alcohols, in which
the corresponding alkoxide (282) is treated in DMF with N-methyl-N-phenylamino-
triphenylphosphonium iodide (283) and a secondary amine at 80 °C, does not proceed
at this temperature. In situ generation of the N,N-dimethylamino analogue (284) by
reaction of (283) with dimethylamine, however, does lead to a smooth reaction at
90 °C. The proposed mechanism involves a pentacoordinated intermediate (285).'4°
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Mechanistic studies of the acid hydrolysis of S-butyl phosphorothioate (286) have
been reported.'#!

The synthesis of '80-labelled phenylphosphonothioate (289) (Scheme 31) was
achieved by reaction of dichlorophenylphosphine (287) with Et'*OH followed
by addition of water to give (288). Oxidation with elemental sulfur in the
presence of diethylamine then gave the salt of the O-ethylphenylphosphonothioate,
which was alkylated with ethyl iodide to give the '3O-labelled O,S-diethyl
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phenylphosphonothioate (289).'7! However, analysis by MS showed that some of
the doubly labelled product (290) had also been formed. The authors suggest that
it arose from the reaction of the dichlorophosphine (287) with Et'®OH, followed by
partial hydrolysis of that product with H,'80 that had been formed concurrently by
dehydration of the Et'8OH.!4?

Biologically Important Reactions

A series of synthetic fluorotyrosine-containing heptapeptides (291; X = fluorotyrosine)
has been used to probe the nature of the transition state in a protein tyrosine kinase, a
class of enzyme which catalyses the transfer of the y-phosphoryl group from ATP to
tyrosine residues in proteins (Scheme 32).143 Indeed, both of the monofluoro, all four
of the difluoro-, both of the trifluoro- and the tetrafluoro-tyrosines (292), which had
been biosynthesized in gram quantities by incubating the corresponding fluorophe-
nols with a recombinant enzyme tyrosine phenol-lyase in the presence of pyruvate
and ammonia, were incorporated into the heptapeptides (291; X = fluorotyrosine) by
automated solid-phase peptide synthesis. 2-Fluorotyrosine has pK, = 9.0 and 2,3,5,6-
tetrafluorotyrosine has pK, = 5.2, with the di- and tri-fluoro analogues possessing
values in between, and this range of substrates was used to show that (i) the substrate
tyrosine phenol must be neutral to be enzymically active and (ii) a dissociative (path
b), rather than associative (path a), transition state is indicated for phosphoryl transfer
(Scheme 33).143

HoN—Glu—Asp—Asn—Glu—X— Thr —Ala— CO,H

(291)

OH
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CH,CH(NH,)CO,H
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OH OPO;2
ATP
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In a reverse micellar system prepared by dissolving sodium bis(2-ethylhexyl)sulfo-
succinate in isooctane, the pK, of 4-nitrophenol (293; X = OH) depends on the
degree of hydration of the system. Such a system is claimed to be a good mimic
of membrane-bound enzymes. Human placental alkaline phosphatase, known to be
membrane-bound, has been deployed in this reverse micellar system with varying
degrees of hydration, to study the enzymic hydrolysis of 4-nitrophenyl phosphate
(293; X = OPO3H). The pK, of 4-nitrophenol (293; X = OH) was found to range
between 9.2 and 10.8 for degrees of hydration ([H,O]/[detergent]) between 40 and
4.44, and this allowed Brgnsted constants to be determined for kcy (B, = —0.47)
and for key/km(Big = —1.03). These model results were considered as support
for phosphorylation being the rate-determining step in membrane-bound alkaline
phosphatase, whereas in aqueous solution, dissociation of non-covalently bound
phosphate is the rate-determining step.'**

I I
OQN@X (HO)PSeH  (HO),PSH
(293) (294) (295)

The hydrolysis, alcoholysis, and aminolysis of monoselenophosphate (294) have
been reported for the first time; (294) is the labile selenium donor compound required
for the synthesis of Se-dependent enzymes and seleno-tRNAs, and is formed from
ATP and selenide, HSe™. The rate of hydrolysis of monoselenophosphate (294) is
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maximal at about pH 7, in contrast to that of monothiophosphate (295), which is
maximal at pH 3. This suggests that the dianion of monoselenophosphate (294) is the
species that reacts the fastest. From all the results obtained, the authors suggest that
the mechanism of hydrolysis of monoselenophosphate (294) is dissociative in nature,
involving a monomeric metaphosphate-like transition state.'#’

Aminoacyl adenylates (296), which are formed from protein amino acids and ATP,
act as acylating agents towards t-RNAs, acylating their terminal 3’-hydroxy groups.
These ‘charged’ tRNAs are then used in protein synthesis. Little is known about the
reactivity of aminoacyl adenylates (296), and studies are now reported of a model
compound, alanyl ethyl phosphate (297). As expected, hydrolysis in both acid and
base involves attack at the C=0 group of (297) with departure of ethyl phosphate.
Metal ions (Cu*", Zn>*) were found to act as catalysts of the hydrolysis.'4®
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Cytidine 5'-phospho-N -acetylneuraminate (298), the coenzyme of sialyltransferases,
is a sugar—nucleotide in which the leaving group is a nucleotidyl monophosphate
that contains a carboxylate group directly attached to the anomeric centre. Studies
of its hydrolysis reveal that at pH 5 specific acid catalysis occurs (Scheme 34) to
yield a glycosyl carbocation as a tight ion pair, the lifetime of which was estimated
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from trapping studies with azide ion to be > 3 x 10~ !!'s. Generally, the carboxylate

group was a spectator of the reaction, no evidence for its direct involvement being
obtained. !4’
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A theoretical investigation of N-methylmethanephosphonamidate (300), N-
methylmethanephosphamide (302), and N-methylmethanesulfonamide (301) as
protease transition-state isosteres has revealed that the anionic phosphonamidate (300)
is the best mimic of the tetrahedral intermediate for base-catalysed N-methylacetamide
(299) hydrolysis.'*®
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A series of diaquatetraaza cobalt(Ill) complexes accelerated the hydrolysis of
adenylyl(3'—5")adenosine (ApA) (304), an enhancement of 103-fold being observed
with the triethylenetetramine complex (303) at pH 7. The pentacoordinated inter-
mediate (305), which is formed with the complex initially acting as an electrophilic
catalyst, then suffers general acid catalysis by the coordination water on the Co(III) ion
to yield the complexed 1,2-cyclic phosphate (306), the hydrolysis of which occurs via
intracomplex nucleophilic attack by the metal-bound hydroxide ion on the phosphorus
atom.'*® Neomycin B (307) has also been shown to accelerate the phosphodiester
hydrolysis of ApA (304) more effectively than a simple unstructured diamine.'>

A series of uridine 3’-alkylphosphates (308) undergo in alkaline solution a
hydroxide-ion catalysed reaction to give the 2’,3’-cyclic monophosphates (309) via
phosphorane-type intermediates (Scheme 35). The alkyl groups ranged from ethyl
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to 1,1,1-trichloroethyl, permitting the determination of a i, for the reaction of
—1.28 £0.05, and this was interpreted as evidence for a mechanism lying on the
borderline between a concerted and a stepwise mechanism. By contrast, in aqueous
acid (308) undergo concurrent isomerization to 2’-alkylphosphates (310) and cleavage
to 2/, 3’-cyclic phosphates (309) both processes being fairly insensitive to the electron-
withdrawing ability of the alkyl group with 8 and By, values being —0.18 £ 0.02 and
—0.12 £ 0.05, respectively.'>! The same group'>? has studied the acid hydrolysis of
uridine 3’-dialkyl phosphates (311) (with protection of the 5'-hydroxyl group with a
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pivaloyl group), and they observed two parallel reactions: isomerization to 2'-dialkyl
phosphates (312) and cleavage to a mixture of 2’- (313) and 3’-monalkyl phosphates
(314) and a 2, 3'-cyclic phosphate (315). The latter reaction presumably proceeded
via the 2, 3’-cyclic triester, which was too unstable to be detected (Scheme 36).'%2
Measurements of medium and ionic strength effects on the rates of hydrolysis and
isomerization of the dinucleoside monophosphate (3’,5”-UpU) (316) in 0.1-0.7 M
imidazole—imidazolium (Im/ImH™) buffers have been reported.'>® The hydrolysis of
(316) is catalysed both by Im and, less effectively, by ImH*, whereas the isomeriza-
tion to 2, 5”-UpU (317; R = 5'-uridyl) is catalysed only by ImH™. As a better model
for RNA, the chimaeric oligonucleotide TTUTT (318), which undergoes the same
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reactions at the unique in-chain uridylyl residue, was also studied. The isomerization
reaction of TTUTT, was, like 3,5”-UpU, catalysed only by ImH™, but the hydrolysis
of TTUTT was catalysed more effectively by ImH™ than by Im, in contradistinc-
tion to the results with 3’, 5”-UpU. From all the results obtained, it was concluded
that the hydrolysis of the internucleoside bond in these phosphodiesters involves two
parallel pathways: a more or less concerted general-base-catalysed reaction and a
two-step process, involving the rate-determining general acid-catalysed breakdown of
a phosphorane monoanion intermediate (319) (Scheme 37).!53
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Sulfur-containing Acids
Sulfur—Oxygen Compounds

1,2-Cyclic sulfites (320) have been shown to react with sodium acetoacetate (321;
R? = H) either by S\2 attack at carbon to give y-lactones (322) or by attack at the
S=0 group to give acetals (323) (Scheme 38).!>*
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The specific rates of solvolysis of benzyl p-toluenesulfonate and nine benzylic-
ring-substituted derivatives (324) have been satisfactorily correlated using Nt and
Yot scales within the extended Grunwald—Winstein equation.!>> The reactions of Z-
phenylethyl X-benzenesulfonates (325) with Y-pyridines (326) in acetonitrile at 60 °C
have been studied at high pressures. The results indicated that the mechanism of the
reaction moves from a dissociative SN2 to an early-type concerted Sy2 with increasing
pressure.'%°

O

I
@CHZ—O—S Me
. ||

(0]
(324)

Me

X I
||

o
(325)

zZ

In strongly alkaline solution, 2,4-dinitrophenyl 4-hydroxy- 8-styrenesulfonate (327)
hydrolyses via a dissociation (£ 1cB) mechanism with the probable intervention of an
extended ‘sulfoquinone’ intermediate (328).">’
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Tris(fluorosulfuroyl)fluoromethane (329) reacted with bis(diethylamido)benzyl phos-
phite to yield an intermediate (330) which extruded a molecule of SO, to give as final
product the bis(fluorosulfonyl) compound (331)."8 The kinetics and mechanism of
the reaction of fluorinated tricoordinate phosphorus compounds (332) and aryl 2,2,2-
trifluoroethyl sulfenates (333) have been reviewed.'>®
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Ab initio SCRF/MO methods have been applied to the hydrolysis and methanol-
ysis of methanesulfonyl chloride (334).!C The aminolysis by aromatic amines of
sulfonyl and acyl chlorides has been examined in terms of solvent parameters, the
former being the more solvent-dependent process.'®! Solvent effects on the reactions
of dansyl chloride (335) with substituted pyridines in MeOH-MeCN were studied
using two parameters of Taft’s solvatochromatic correlation and four parameters of
the Kirkwood—Onsager, Parker, Marcus and Hildebrand equations. MeCN solvent
molecules accelerate charge separation of the reactants and stabilize the transition
state.!62
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The activation parameters of the hydrolysis in aqueous dioxane of p-toluenesulfonyl
bromide (336) pass through maxima at dioxane mole fractions of 0.01 and 0.12, which
correspond to the range of stabilization of the solvent structure.'3

The chiral spiro-A4-sulfurane (337) is easily hydrolysed under basic conditions (1
M NaOH) to give optically pure sulfoxide (338) as a single diastereomer. In contrast,
hydrolysis of spiro sulfurane (337) under acidic conditions (1 M HCI) gave sulfoxide
(339), also as a single diastereomer but with an opposite absolute configuration at
the sulfur atom. The proposed mechanism of these reactions is as follows: hydrol-
ysis under basic conditions may proceed through the attack of hydroxide ion on
the central sulfur atom to give an intermediate (340) (Scheme 39). Cleavage of
the S—O(acyloxy) bond and isomerization around the sulfur centre generates the
pentacoordinate intermediate (341) with the hydroxyl group at the apical position.
Then, deprotonation and tandem breaking of the S—O(alkoxy) bond takes place to
give the highly diastereoselective formation of the sulfoxide (338) with R abso-
lute configuration. Under the acidic conditions, the reaction may proceed through
the initial protonation of the spirosulfurane at the oxygen of alkoxy, then attack by
H,O at the sulfur atom takes place and a hexacoordinate sulfur intermediate (342) is
formed (Scheme 40). Cleavage of the S—O(alkoxy) bond of the intermediate (342)
and isomerization around the sulfur centre produce an intermediate (343) with the
hydroxyl group at the apical position. Final deprotonation and consecutive breaking
of the S—O(acyloxy) bond gave sulfoxide (339) with S absolute configuration at the
sulfur atom.'%*
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Sulfur—Nitrogen Compounds

Detailed studies of the anilinolysis of N-phenylsulfamoyl chloride (344) (and related
compounds) in chloroform support the operation of an E2-type mechanism in which an
N-sulfonylamine (345) is formed in the rate-determining step (Scheme 41).!9 Lacking
a proton on nitrogen, the corresponding N, N-dimethylsulfamoyl chloride (346) (and
its congeners) cannot undergo an elimination of HCI, and instead attack by aniline
occurs at the sulfur of the sulfamoyl group to yield N, N-dimethyl-N'-phenylsulfamide
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(347). This is a very much slower reaction and proceeds at rates 10°-fold slower than
the elimination pathway.!%> The same group has studied the aminolysis in chloroform
of the corresponding p-nitrophenyl N-alkyl- or N-phenyl-sulfamates (348) which also
yield sulfamides (349). Reaction with 2-substituted imidazoles, it was concluded,'©®
probably proceeds via an ElcB mechanism (Scheme 42) involving extensive S—O
bond cleavage with the formation of an N-sulfonylamine. Extending these aminolysis
studies to a set of p-nitrophenyl N-X-phenyl sulfamates (348) using piperidine and a
set of five pyridines, Brgnsted B, values have been determined which support E2
mechanisms for these bases, although the data indicate that those reactants with the
larger By values probably veer towards the ElcB pathway somewhat.'®’

Kinetic studies of the hydrolysis of aryl N-(methoxycarbonyl)sulfamates (350) are
reported for the first time.'®® The compounds are fairly strong acids with pK, =
0.5-2.4, and in acid both S—O and C—O bond cleavages occur (Scheme 43). From an
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analysis of Big, solvent isotope effects, and solvent isotopic labelling of products, it was
concluded that the S—O cleavage reaction involves either an intra- or inter-molecular
general-acid-catalysed decomposition of the parent compound (350) or its ionized
form (351) and the C—O cleavage reaction involves protonation of the leaving-group
methanol and its expulsion from the dipolar intermediate (Scheme 43).!68

The Lewis acid-mediated reaction of N-phenyl-S-(4-methylphenyl)sulfonimidoyl
chloride (352) with 1,1-disubstituted alkenes yields benzothiazines (353) with low
stereoselectivity in moderate yields (33—57%).'%°
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The kinetics of the hydrolysis reactions of 4-amino-2-phenethyl- (354;
R = PhCH,CH,) and 4-amino-2-cyclohexyl-2,3-dihydro-3-oxo-1,2,5-thiadiazole 1,1-
dioxide (354; R = C¢Hj,) have been investigated in the pH range 1-10 at 2473 °C.
The products are the corresponding new compounds: 2-amino-2-[(/N-substituted-
sulfamoyl)imino]acetic acid salts (355; R = PhCH,CH,; or C¢H,;) which hydrolyse
further, in a slow reaction, to the sulfamide and oxalic acid derivatives.!”®

Studies of the kinetics of the nitrosation of a series of 4-substituted N-
methylbenzenesulfonamides (356) have revealed that electron-withdrawing groups
retard the process. The mechanism probably involves a fast nitrosation pre-equilibrium
followed by a slow proton transfer to the medium (Scheme 44).!”! The de-nitrosation
reaction, which was also studied, is general acid catalysed and proceeds via a rate-
determining proton transfer.!”’ The same group determined the hydrolytic stability
and efficiency as nitrosating agents of a small set of acyl-substituted N-methyl-
N -nitrosobenzenesulfonamides (357; X = 2,4, 6-Me3, 4-OMe, 4-Cl and 4-NO,).
The nitrosating reactivity was measured by reaction of each with N-methylaniline
(358), which reacts via a transition state with zwitterionic character (Scheme 45).172
The acid and base hydrolysis of N-methyl-N-nitroso-p-toluenesulfonamide (357;
X = 4-Me) in micellar media have been reported.'’>!* 1-Methyl-1-nitroso-3-p-
tolylsulfonylguanidine (359) undergoes a denitrosation reaction in acid medium which
is probably concerted (Scheme 46).34

o} o}
| I
S—N + NO* S—N*—H
X I Ny X I
o} O NO
(356)
o}
Iz
|s|—N + HY
X
o NO

SCHEME 44



2 Reactions of Carboxylic, Phosphoric, and Sulfonic Acids 103

H
N
(0]
|
X I\
o) NO
(357) (358)

S—N
SO
7 |

0] H
o ON\N/
7
ﬁ—N\ +
X o q
SCHEME 45
H
N/ /NO
O \
1N
S—N + H' + Nu
[ AN
o} H
i
(359) H Nu
A \
O‘N NO
\ ,
1N
S—N
I\
[e) H
H /
/
H—N
0

I =N
||_N + NuNO

(0]

-
jas)

SCHEME 46



104 Organic Reaction Mechanisms 1998

The parent compound and a set of monosubstituted bis(acylamino)diarylspiro-i4-
sulfanes (360; X = H, Me, MeO, CI, NO;) undergo hydrolysis to the corresponding
sulfoxides (361). The probable mechanism involves rate-determining cleavage of one
of the S—N hypervalent bonds in the spiro ring with simultaneous proton transfer to
the nitrogen atom. The hydroxide ion which is formed thereby then attacks the sulfur
atom in a fast step to form a diaryl(acylamino)hydroxy-A4-sulfane (362), which is
converted into the sulfoxide (361) (Scheme 47).'7

Sulfur—Carbon Compounds and Other Sulfur-containing Functionalities

An ab initio study of the unimolecular pyrolysis mechanisms of monothioformic acid
(363) has yielded activation energies for dehydrogenation and dehydrosulfidation.!”®
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Enthalpy barriers for the decarbonylation and dethiocarboxylation of y-
thiobutyrolactone (364) have been calculated as 378 and 404 kJ mol~!, respectively,
which accords with the experimental results which saw CO as the major and
COS as the minor thermal degradation products.'”” Phenyl and 4-nitrophenyl
chlorothionoformates (365; X = H, NO,) reacted with phenolates in aqueous dioxane
with By = 0.55 and 0.47, respectively, from which it was concluded that a concerted
mechanism prevailed.!”
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S-Thiophenyl acetates (366; R = Me) and propionates (366; R = Et) react with
electrogenerated polysulfide ions Sf; in DMF to yield thiocarboxylate ions, thiolate
ions, and phenyl tetrasulfanide (367), the last deriving from the reaction of thiolate
ions with sulfur (Scheme 48).!” Studies of the aminolysis by a set of substituted
anilines of Y-aryl dithio-2-thiophenates (368; X = S) and dithio-2-furoates (368; X =
0) in acetonitrile have shown that the rate-determining step in these reactions is the
departure of the thiophenolate ion from the zwitterionic tetrahedral intermediate T*
(Scheme 49). Experiments with deuteriated anilines yielded ky/kp values of 1.7—1.9,
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and these results are considered to favour a four-centre-type transition state (369).'5°
Similar studies of the aminolysis of O-ethyl S-aryl dithiocarbonates point to an analo-
gous mechanism (Scheme 49; R = EtO) involving a four-centre transition state (369;
R = Et0).'8!
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The kinetics of the alkaline hydrolysis of 5-ethyl-1-methyl-5-phenyl-2-thioxo-4,6-
(IH,3H,5H )-pyrimidinedione (2-thioprominal) (370) have been reported.182 Hammett
plots of pK, values were linear for a series of N-X-benzoyl N’, N’-diethylthioureas
(371).183
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Kinetic studies of the acid hydrolysis of N-alkyl dithiocarbamates (372) have been
reported.'* The tertiary amine-catalysed addition of CS, (373) to 1,2-diaminobenzene
(375) involves initial formation of the zwitterionic adduct (374), which then reacts
with the diamine (375) to yield 2-mercaptobenzimidazole (376).'8

S NH, N
RN | . \

S=C=s S=C—NR; + —_— Y—sH
NH, g

(373) 374) (375) (376)

2-Mercaptopyridine (377) reacts rapidly with nitrous acid in mildly acid aqueous
solution (via the thione tautomer) to give an unstable S-nitroso ion (378) in a reversible
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process with an equilibrium constant (Ky) of ca 1 x 10° dm®mol=2. SNO* is readily
detected by two peaks in the UV spectrum at 295 and 240 nm with molar absorp-
tivities of 9600 and 9300 dm*mol~'cm™!, respectively; (377) is regenerated when
the solution is made alkaline. In acidic solution, SNO™ decomposed to the disulfide
(2,2'-dipyridyl disulfide) and NO. There was clear evidence that SNO™ can act as an
efficient nitrosating species: addition of the thiol N-acetylcysteine (379) resulted in
the almost instantaneous decomposition of SNO™; addition of N-methylaniline (380)
to an acidified solution of SNO™ resulted in quantitative N-methyl-N-nitrosoaniline
(381) formation.'8°
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Substituted 1,2,3-triazolium-1-aminide 1,3-dipoles (382) react with aryl isothio-
cyanates at both the N=C (path a) and C=S (path b) sites to give mixtures of substi-
tuted imidazolo[4,5-d][1,2,3]triazoles (383) and new thiazolo[4,5-d][1,2,3]-triazoles
(384) including tricyclic derivatives with the C(3a) and C(6a) bridgeheads linked via
(CH;)4 and phenanthro groups (Scheme 50). The product distribution is controlled by
the para-substituent of the aryl isothiocyanate. Theoretical calculations at the 3—21G*
and 6-31G"* levels suggest that linear triple-bonded canonical forms of the aryl isoth-
iocyanate system play a key role in the ambident reactivity of these systems.'8’

The formation of benzothiazole-2-thiol (386) from aniline (385), carbon disulfide,
and sulfur at 230 °C has been shown to occur by a sequence of three principal steps.
Labelling experiments confirmed that both sulfur atoms originated from carbon disul-
fide. An initial polar reaction to form thiocarbanilide (389) via phenylcarbamic acid
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(387) and a tetrahedral intermediate (388) (Scheme 51) is followed by radical cycliza-
tion of these to benzothiazole (386) and 2-phenylaminobenzothiazole (390); the latter
is converted into the desired product (386) by a polar displacement of aniline by H,S
(Scheme 52).!38
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The acid hydrolysis of alkyl nitrites (Scheme 53) is inhibited by the presence of
B-cyclodextrin (CD) owing to the formation of 1:1 inclusion complexes that are unre-
active or much less reactive than the RONO not complexed. The degree of inhibition
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increases with increase in the association of the alkyl nitrite to CD: those with aromatic
substituents interact more efficiently with the apolar CD cavity than do aliphatic alkyl
nitrites. However, the basic hydrolysis of alkyl nitrites (Scheme 54) at pH values
higher than the pK, of S-cyclodextrin is powerfully catalysed by the presence of §-
cyclodextrin because the nucleophilic reaction of alkyl nitrite by an ionized secondary
hydroxy group of CD is faster than the reaction with HO™, i.e. the reaction rate of
the complex is faster than that of the RONO not complexed.'®?

Reactions of S-nitrosothiols (391) with their corresponding thiols (392) present in
a large excess (>20-fold) proceed readily to give the disulfide. Ammonia is formed
together with some nitrite anion, and these constitute >90% of the ‘nitrogen’ products.
This is in marked contrast with the reaction at low thiol concentration, where nitric
oxide is the major initial ‘nitrogen’ product, which is rapidly converted in the presence
of oxygen in water into nitrite anion. The ammonia-forming reaction (Scheme 55)
involves initial rate-determining attack of RS™ (392) at the nitrogen atom of the S-
nitrosothiol (391), which is followed by other reactions of RS™ at the sulfur atom and
various proton transfers, leading to the formation of hydroxylamine, then ammonia.
For S-nitrosocysteine [391; R = H,NCH(CO,)CH,], this pathway accounts for 80% of
the total reaction at 25 mM cysteine [392; R = H,NCH(CO,H)CH;]. The mechanism
of the NO-producing reaction is to be the subject of a subsequent study, and could be
either a homo- or hetero-lytic process.'*

References

Koh, H. J., Shin, C. H., Lee, H. W, and Lee, 1., J. Chem. Soc., Perkin Trans. 2, 1998, 1329.

Koh, H. J.,, Lee, J.-W., Lee, H. W, and Lee, 1., Can. J. Chem., 76, 710 (1998).

Ventakasubban, K. S., Bush, M., Ross, E., Schultz, M., and Garza, O., J. Org. Chem., 63, 6115 (1998).
Um, I.-H., Chung, E.-K., Kwon, H.-J., and Kwon, D.-S., Bull. Korean Chem. Soc., 18, 911 (1997);
Chem. Abs., 127, 346022 (1998).

Um, L.-H., Chung, E.-K., and Lee, S.-M., Can. J. Chem., 76, 729 (1998).

N N

W



2 Reactions of Carboxylic, Phosphoric, and Sulfonic Acids 111

6

7

21
22
23
24
25
26

27
28

29
30
3

32
33
34

35
36

37

38

39

40

41

42

43

44

45

46

Ronnback, R., Salmi, T., Vuori, A., Haario, H., Lehtonen, J., and Sundquist, A., Chem. Eng. Sci., 52,
3369 (1997); Chem. Abs., 127, 318601 (1997).

Hass, G. W., Giblin, D. E., and Gross, M. W., Int. J. Mass Spectrom. lon Processes, 172, 25 (1998);
Chem. Abs. 128, 180025 (1998).

Stanton, M. G., Allen, C. B., Kissling, R. M., Lincoln, A. L., and Gagné, M. R., J. Am. Chem. Soc.,
120, 5981 (1998).

Panov, M. Y. and Sokolava, O. B., Russ. J. Gen. Chem., 67, 1693 (1997); Chem. Abs., 129, 54019
(1998).

Hanson, J. R., Uyanik, C., and Yildirim, K., J. Chem. Res. (S), 1998, 580.

Kim, C. K., Lee, I. Y., and Chung, D. S., Bull. Korean Chem. Soc., 19, 993 (1998); Chem. Abs., 129,
259975 (1998).

Hall, C. D. and Le, V. T., J. Chem. Soc., Perkin Trans. 2, 1998, 1483.

Davies, D. M., Foggo, S. J., and Paradis, P. M., J. Chem. Soc., Perkin Trans. 2, 1998, 1381.

Davies, D. M., Foggo, S. J., and Paradis, P. M., J. Chem. Soc., Perkin Trans. 2, 1998, 1597.
Cevasco, G. and Thea, S., Gazz. Chim. Ital., 127, 269 (1997); Chem. Abs., 128, 22550 (1998).
Colthurst, M. J., Kanagasooriam, J. S. S., Wong, M. S. O., Contini, C., and Williams, A., Can. J.
Chem., 76, 678 (1998).

Nadar, A. P. and Rajarathinam, D., Indian J. Chem., 36A, 749 (1997); Chem. Abs., 128, 180032 (1998).
Nadar, A. P. and Rajarathinam, D., Indian J. Chem., 37A, 342 (1998); Chem. Abs., 129, 135778 (1998).
Melander, C. and Horne, D. A., J. Org. Chem., 36, 9295 (1997).

Singh, B., Sinha, A. K., Kumar, A., and Singh, A. K., Asian J. Chem., 10, 446 (1998); Chem. Abs.,
129, 54008 (1998).

Khan, M. N, Int. J. Chem. Kinet., 30, 301 (1998).

Nummert, V. and Piivsalu, M., Org. React. (Tartu), 31, 101 (1997); Chem. Abs., 128, 47902 (1998).
Hinde, N. J. and Hall, C. D., J. Chem. Soc., Perkin Trans. 2, 1998, 1249.

Cevasco, G., Pardini, R., and Thea, S., Eur. J. Org. Chem., 1998, 665.

Aresta, M., Dibenedetto, A., and Quaranta, E., Tetrahedron, 54, 14145 (1998).

Dusek, L., Kavalek, J., and Mindl, J., Conf. Org. Chem. Adv. Org. Chem., 22nd, 1997, 144; Chem. Abs.,
128, 270266 (1998).

Adalsteinsson, H. and Bruice, T. C., J. Am. Chem. Soc., 120, 3440 (1998).

Pinhoe Melo, T. M. V. D., Fausto, R., Rocha Gonsalves, A. M. d’A., and Gilchrist, T. L., J. Org.
Chem., 63, 5350 (1998).

Bouchoux, G., Leblanc, D., Mo, O., and Yanez, M., J. Org. Chem., 62, 8439 (1997).

Crich, D. and Mo, X-S., J. Am. Chem. Soc., 120, 8298 (1993).

Nagumo, S., Hisano, T., Kakimoto, Y.-I., Kawahara, N., Ono, M., Furukawa, T., Takeda, S., and
Akita, H., Tetrahedron Lett., 39, 8109 (1998).

Macritchie, J. A., Peakman, T. M., Silcock, A., and Willis, C. L., Tetrahedron Lett., 39, 7415 (1998).
Kayser, M. M., Zhu, J., and Hooper, D. L., Can. J. Chem., 75, 1322 (1997).

D’Onofrio, F., Margarita, R., Parlanti, L., Piancatelli, G., and Sbraga, M., J. Chem. Soc., Chem.
Commun., 1998, 185.

Hawkinson, D. C., Feiock, J. M., Nevy, J. B., and Wu, Y.-Z., J. Org. Chem., 63, 5345 (1998).
Heathcote, D. M., De Boos, G. A., Atherton, J. H., and Page, M. L., J. Chem. Soc. Perkin Trans. 2,
1998, 535.

Bowden, K., Ranson, R. J., Perjéssy, A., Licovd, M., Hritzovd, O., and Fabian, W. M. F., J. Phys. Org.
Chem., 11, 467 (1998).

Ifrim, S. and Mihai, E., Bul. Inst. Politeh. lasi, Sect. 2: Chim. Ing. Chim., 41, 27 (1995); Chem. Abs.,
128, 180104 (1998).

Kulhének, J. and Exner, O., J. Chem. Soc., Perkin Trans. 2, 1998, 1397.

Jovanovic, B. Z., Drmanic, S. Z., and Misic-Vukovic, M. M., J. Chem. Res. (S), 1998, 554.
Uscumlic, G. S. and Krstic, V. V., Org. React. (Tartu), 31, 181 (1997); Chem. Abs., 128, 61180 (1998).
Uscumlic, G. S. and Krstic, V. V., Indian J. Chem., 37B, 85 (1998); Chem. Abs., 129, 67443 (19983).
Kozlov, A. P., Ryabova, V. V., Kozlova, G. A., and Andreichikov, Y. S., Russ. J. Org. Chem., 33, 359
(1997); Chem. Abs., 128, 180030 (1998).

Kozlov, A. P., Ryabova, V. V., Kozlova, G. A., and Andreichikov, Y. S., Russ. J. Org. Chem., 33, 365
(1997); Chem. Abs., 128, 180031 (1998).

Kozlov, A. P., Perevozchikov, L. A., Kozlova, G. A., and Andreichikov, Y. S., Russ. J. Org. Chem.,
33, 353 (1997); Chem. Abs., 128, 180029 (1998).

Seong, M. R,, Lee, H. J., and Kim, J. N., Tetrahedron Lett., 39, 6219 (1998).



112 Organic Reaction Mechanisms 1998

47
48
49
50

51
52

53

54
55

56

57

58
59
60
61
62

63
64

65

66

67
68

69
70

71
72

73

74

75
76

71
78
79
80
81
82
83

84

85
86

Chung, T. D., Kang, S. K., Kim, H., Kim, J. R., Oh, W. S., and Chang, S.-K., Chem. Lett., 1998, 1225.
Kaminski, Z. J., Paneth, P., and Rudzinski, J., J. Org. Chem., 63, 4248 (1998).

Hadd, A. G., Robinson, A. L., Rowlen, K. L., and Birks, J. W., J. Org. Chem., 63, 3023 (1998).
Kuritsyn, L. V. and Kalinina, N. V., Russ. J. Org. Chem., 33, 955 (1997); Chem. Abs., 129, 40789
(1998).

Hubbard, P. and Brittain, W. J., J. Org. Chem, 63, 677 (1998).

Lee, H. W., Lee, J.-W., Koh, H. J., and Lee, 1., Bull. Korean Chem. Soc., 19, 642 (1998); Chem. Abs.,
129, 95156 (1998).

O’Mahony, M. J., Rees, C. W., Saville-Stones, E. A., White, A. J. P., and Williams, D. J., J. Chem.
Soc., Chem. Commun., 1998, 1459.

Kevill, D. N. and D’Souza, M. J., J. Org. Chem., 63, 2120 (1998).

Kyong, J.-B., Park, B.-C., and Kwun, O.-C., J. Korean Chem. Soc., 41, 443 (1997); Chem. Abs., 127,
292762 (1997).

Koo, I. S., Yang, K., Kang, K., and Lee, 1., Bull. Korean. Chem. Soc., 19, 968 (1998); Chem. Abs., 129,
260018 (1998).

Koo, I. S., Yang, K., Koo, J. C., Park, J.-K., and Lee, 1., Bull. Korean Chem. Soc., 18, 1017 (1997);
Chem. Abs., 127, 346024 (1998).

Koo, I. S., Yang, K., Kang, K., Lee, 1., and Bentley, T. W., J. Chem. Soc., Perkin Trans. 2, 1998, 1179.
Lui, N., Marhold, A., and Rock, M. H., J. Org Chem., 63, 2493 (1998).

Stanetty, P., Mihovilovic, M. D., and Mereiter, K., Monatsh. Chem., 128, 1061 (1997).

Kevill, D. N., Bond, M. W., and D’Souza, M. J., J. Phys. Org. Chem., 11, 273 (1998).

Kawase, M., Hirabayashi, M., Koiwai, H., Yamamoto, K., and Miyamae, H., J. Chem. Soc., Chem.
Commun., 1998, 641.

Ghosh, K. K., Indian J. Chem., 36B, 1089 (1997); Chem. Abs., 128, 308057 (1998).

Al-Faiyz, Y. S. S., Clark, A. J., Filik, R. P., Peacock, J. L. and Thomas, G. H., Tetrahedron Lett., 39,
1269 (1998).

Antonczak, S., Ruiz-Lopez, M., and Rivail, J.-L., J. Mol. Model., 3, 434 (1997); Chem. Abs., 128,
192886 (1998).

Hori, K., Kamimura, A., Nakao, Y., and lhara, Y., Atual. Fis.-Quim. Org., 1995, 271; Chem. Abs., 127,
307046 (1997).

Dixon, W. J., Hibbert, F., and Overill, R. E., J. Chem. Soc., Perkin Trans. 2., 1998, 635.
Cacciapaglia, R., DiStefano, S., Kelderman, E., Mandolini, L., and Spadola, F., J. Org. Chem., 63, 6476
(1998).

Sedlak, M., Kavalek, J., Mitas, P., and Machacek, V., Collect. Czech. Chem. Commun., 63, 394 (1998).
Mart’yanova, T. F., Chezlov, 1. G., Kuznetsov, L. L., and Zavlin, P. M., Russ. J. Gen. Chem., 67, 915
(1997); Chem. Abs., 128, 282563 (1998).

Smith, R. M. and Hansen, D. E., J. Am. Chem. Soc., 120, 8910 (1998).

Coll, M., Frau, J., Donoso, J., and Munoz, F., THEOCHEM, 426, 323 (1998); Chem. Abs., 128, 294618
(1998).

Frau, J., Donoso, J., Munoz, F., Vilanova, B., and Garcia Blanco, F., THEOCHEM, 426, 313 (1998);
Chem. Abs., 128, 282722 (1998).

Pitarch, J., Ruiz-Lopez, M. F., Silla, E., Pascual-Ahuir, J.-L., and Tunon, L., J. Am. Chem. Soc., 120,
2146 (1998).

Cox, R. A., Can. J. Chem., 76, 649 (1998).

Llinas, A., Vilanova, B., Frau, J., Munoz, F., Donoso, J., and Page, M. L., J. Org. Chem., 63, 9052
(1998).

Iyer, S. D. and Klein, M. T., J. Supercrit. Fluids, 10, 191 (1997); Chem. Abs., 127, 307056 (1997).
Langer, P., Doring, M., and Seyferth, D., J. Chem. Soc., Chem. Commun., 1998, 1927.

Baldwin, J. E., Chen, D., and Russell, A. T., J. Chem. Soc., Chem. Commun., 1998, 2389.

Kaushik, R. and Ray, N. K., Indian J. Chem., 36A, 252 (1997); Chem. Abs., 127, 307010 (1997).
Rospoet, G., Nguyen, M. T., McGarraghy, M., and Hegarty, A. F., J. Org. Chem., 63, 6867 (1998).
Raspoet, G., Nguyen, M. T., McGarraghy, M., and Hegarty, A. F., J. Org. Chem., 63, 6878 (1998).
Alexiev, A., Lachkova, V., and Petrov, G., Phosphorus Sulfur Silicon Relat. Elem., 128, 191 (1997);
Chem. Abs., 129, 216681 (1998).

Leis, J. R., Moreira, J. A., Norberto, F., Iley, J., and Garcia-Rio, L., J. Chem. Soc., Perkin Trans. 2,
1998, 655.

Padwa, A., J. Chem. Soc., Chem. Commun., 1998, 1417.

Capasso, S., Vergara, A., and Mazzarella, L., J. Am. Chem. Soc., 120, 1990 (1998).



2 Reactions of Carboxylic, Phosphoric, and Sulfonic Acids 113

87
88

89
90
9

92

93
94

G

95
96
97

98

99
100
10
102
103
104
105
106
107
108
109
110

111
112

113
114
115
116

117
118
119
120
12
122
123

124
125
126

127
128
129
130

King, J. A., Trends Org. Chem., 6, 67 (1997); Chem. Abs., 129, 148645 (1998).

Popova, L. M. and Studentsov, E. P., Russ. J. Gen. Chem., 67, 435 (1997); Chem. Abs., 128, 282556
(1998).

Adams, D. J., Simpkins, N. S., and Smith, T. J. N., J. Chem. Soc., Chem. Commun., 1998, 1605.
Khan, M. N., Indian J. Chem., 36A, 754 (1997); Chem. Abs., 128, 167668 (1998).

Rybachenko, V. I, Shroeder, G., Chotii, K. Y., Semenova, R. G., and Grebenyuk, L. V., Theor. Exp.
Chem. (transl. of Teor. Eksp. Khim.), 33, 64 (1997); Chem. Abs., 128, 47897 (1998).

Rybachenko, V. 1., Shreder, G., Chotii, K. Y., Semenova, R. G., Grebenyuk, L. V., Lenska, B.,
Kovalenko, V. V., and Rozvadovskii, Z., Russ. J. Gen. Chem., 68, 111 (1998); Chem. Abs., 129, 216253
(1998).

Ismail, A. M. and Zaghloul, A. A., Int. J. Chem. Kinet., 30, 463 (1998).

Samarkandy, A. A., Al-Thabaiti, S. A., and Sidahmed, 1. M., Alexandria J. Pharm. Sci., 11, 121 (1997);
Chem. Abs., 128, 61365 (1998).

Coll, M., Frau, J., Munoz, F., and Donoso, J., J. Phys. Chem. A, 102, 5915 (1998).

Iley, J., Norberto, F., and Sardinha, P., J. Chem. Soc., Perkin Trans. 2, 1998, 2207.

Madder, A., Sebastian, S., Van Haver, D., De Clercq, P. J., and Maskill, H., J. Chem. Soc., Perkin
Trans. 2, 1997, 2787.

Abell, A. D., Litten, J. C., and Nabbs, B. K., J. Chem. Soc., Chem. Commun., 1998, 919.

Wang, Q. and Coa, Y., Lizi Jiao-huan Yu Xifu, 13, 327 (1997); Chem. Abs., 128, 153672 (1998).
Khan, M. N., J. Phys. Org. Chem., 11, 109 (1998).

Hoffmann, H. M. R. and Schrake, O., Tetrahedron: Asymmetry, 9, 1051 (1998).

Suh, J., Son, S. J., and Suh, M. P., Inorg. Chem., 37, 4872 (1998); Chem. Abs., 129, 260011 (1998).
Wang, G.-J. and Fife, W. K., J. Am. Chem. Soc., 120, 883 (1998).

Tee, O. S. and Fedortchenko, A. A., Can. J. Chem., 75, 1434 (1997).

Pirinccioglu, N. and Williams, A., J. Chem. Soc., Perkin Trans. 2, 1998, 37.

Lajis, N. H., and Khan, M. N., J. Phys. Org. Chem., 11, 209 (1998).

Malpica, A., Calzadilla, M., and Linares, H., Int. J. Chem. Kinet., 30, 273 (1998).

Luzhkov, V. and Aqvist, J., J. Am. Chem. Soc., 120, 6131 (1998).

Rao, Y. R. and Reddy, M. K., Orient. J. Chem., 14, 13 (1998); Chem. Abs., 129, 175272 (1998).
Um, L.-H., Hong, Y.-J., and Lee, Y.-J., Bull. Korean Chem. Soc., 19, 147 (1998); Chem. Abs., 128,
282557 (1998).

Takarada, T., Takahashi, R., Yashiro, M., and Komiyama, M., J. Phys. Org. Chem., 11, 41 (1998).
Bonifacic, M., Stefanic, 1., Hug, G. L., Armstrong, D. A., and Asmus, K.-D., J. Am. Chem. Soc., 120,
9930 (1998).

Nakanishi, M. P. and Wu, W., Tetrahedron Lett., 39, 6271 (1998).

Butler, K., Steinbock, O., Steinbock, B., and Dalal, N. S., Int. J. Chem. Kinet., 30, 899 (1998).

Hess, R. A., Hengge, A. C., and Cleland, W. W., J. Am. Chem. Soc., 120, 2703 (1998).

Stanton, R. V., Perakyla, M., Bakowies, D., and Kollman, P. A., J. Am. Chem. Soc., 120, 3448
(1998).

Page, M. 1. and Laws, A. P., J. Chem. Soc., Chem. Commun., 1998, 1609.

Davies, R. R. and Distefano, M. D., J. Am. Chem. Soc., 119, 11643 (1997).

Hoff, R. H. and Hengge, A. C., J. Org. Chem., 63, 6680 (1998).

Florian, J., Aqvist, J., and Warshel, A., J. Am. Chem. Soc., 120, 11524 (1998).

Kim, J., J. Korean Chem. Soc., 42, 240 (1998); Chem. Abs., 129, 27659 (1998).

Moss, R. A. and Ragunathan, K. G., J. Chem. Soc., Chem. Commun., 1998, 1871.

Mitchell, M. C., Taylor, R. J., and Kee, T. P., Polyhedron, 17, 433 (1998); Chem. Abs., 128, 270245
(1998).

Chang, N. and Lim, C., J. Phys. Chem. A, 101, 8706 (1997).

Chang, N. and Lim, C., J. Am. Chem. Soc., 120, 2156 (1998).

Kushwaha, R. S., Yadav, S. V. S., and Kushwaha, S., J. Indian Chem. Soc., 74, 800 (1997); Chem.
Abs., 128, 127656 (1998).

Hay, R. and Govan, N., Polyhedron, 17, 2079 (1998); Chem. Abs., 129, 122284 (1998).

Kotoucova, H., Mazac, J., Cibulka, T., Hampl, F., and Liska, F., Chem. Lett., 1998, 649.

Zakharova, L. Y., Kudryavtseva, L. A., and Konovalov, A. 1., Mendeleev Commun., 1998, 163.
Moss, R. A., Bose, S., Ragunathan, K. G., Jayasuriya, N., and Emge, T. J., Tetrahedron Lett., 39, 347
(1998).



114 Organic Reaction Mechanisms 1998

131

132

133

134
135
136
137

138

139
140
141

142
143
144
145

146
147
148
149

150
151

152
153
154
155
156

157
158

159

160

161
162

163

164
165
166
167
168
169
170
171
172

Solomoichenko, T. N., Sadovskii, Y. S., Savelova, V. A., Piskunova, Z. P., and Popov, A. F., Russ. J.
Org. Chem., 33, 1434 (1997); Chem. Abs., 129, 175704 (1998).

Shinde, C. P., Patil, R., and Shirdhonkar, V., Asian J. Chem., 9, 620 (1997); Chem. Abs., 128, 61570
(1998).

Shinde, C. P., Patil, R., and Shirdhonkar, V., Asian J. Chem., 10, 245 (1998); Chem. Abs., 128, 270239
(1998).

Harger, M. J. P. and Sreedharan-Menon, R., J. Chem. Soc., Perkin Trans. 1, 1998, 211.

Harger, M. J. P. and Hurman, B. T., J. Chem. Soc., Perkin Trans. 1, 1998, 1383.

Nurminen, E. J., Mattinen, J. K., and Lonnberg, H., J. Chem. Soc., Perkin Trans. 2, 1998, 1621.
Alovitdinov, A. B. and Khamrokulov, G. B., Russ. J. Org. Chem., 33, 1513 (1997); Chem. Abs., 129,
161624 (1998).

Dembkowski, L., Witt, D., and Rachon, J., Phosphorus Sulfur Silicon Relat. Elem., 127, 143 (1997);
Chem. Abs., 129, 203008 (1998).

Kim, S. S., Zhu, Y., Oh, L. S., and Lim, C. G., Can. J. Chem., 76, 836 (1998).

Frgyen, P. and Skramstad, J., Tetrahedron Lett., 39, 6387 (1998).

Shinde, C. P., Patil, R., and Shirdhonkar, V., Asian J. Chem., 9, 616 (1997); Chem. Abs., 128, 61569
(1998).

Taber, D. F., Yu, H., and Szafraniec, L. L., J. Org. Chem., 63, 5711 (1998).

Kim, K. and Cole, P. A., J. Am. Chem. Soc., 120, 6851 (1998).

Hung, H.-C., Huang, T.-M., and Chang, G.-G., J. Chem. Soc., Perkin Trans. 2, 1997, 2757.
Kaminski, R., Glass, R. S., Schroeder, T. B., Michalski, J., and Skowronska, A., Bioorg. Chem., 25,
247 (1997).

Kluger, R., Loo, R. W., and Mazza, V., J. Am. Chem. Soc., 119, 12089 (1997).

Horenstein, B. A. and Bruner, M., J. Am. Chem. Soc., 120, 1357 (1998).

Radkiewicz, J. L., McAllister, M. A., Goldstein, E., and Houk, K. N., J. Org. Chem., 63, 1419 (1998).
Komiyama, M., Matsumoto, Y., Takahashi, H., Shiiba, T., Tsuzuki, H., Yajima, H., Yashiro, M., and
Sumaoka, J., J. Chem. Soc., Perkin Trans. 2, 1998, 691.

Kirk, S. R. and Tor, Y., J. Chem. Soc., Chem. Commun., 1998, 147.

Kosonen, M., Youseti-Salakdeh, E., Stromberg, R., and Lonnberg, H., J. Chem. Soc., Perkin Trans. 2,
1997, 2661.

Kosonen, M., Hakala, K., and Lonnberg, H., J. Chem. Soc., Perkin Trans. 2, 1998, 663.

Beckmann, C., Kirby, A. J., Kunsela, S., and Tickle, D. C., J. Chem. Soc., Perkin Trans. 2, 1998, 573.
Nymann, K. and Svendsen, J. S., Acta Chem. Scand., 52, 338 (1998).

Kevill, D. N., D’Souza, M. J., and Ren, H., Can. J. Chem., 76, 751 (1998).

Park, H.-Y., Son, K.-J., Cheong, D.-Y., and Yoh, S.-D., Bull. Korean Chem. Soc., 18, 1010 (1997);
Chem. Abs., 127, 346023 (1998).

Cevasco, G. and Thea, S., J. Org. Chem., 63, 2125 (1998).

Kolomeitsev, A., Shtarev, A., Chabanenko, K., Savina, T., Yagupolskii, Y., Gorg, M., Przyborowski, J.,
Lork, E., and Gerd-Volker, R., J. Chem. Soc., Chem. Commun., 1998, 705.

Hall, C. D., Tweedy, B. R., and Lowther, N., Phosphorus Sulfur Silicon Relat. Elem., 123, 341 (1997);
Chem. Abs., 129, 136234 (1998).

Yang, K., Kang, K., Koo, I. S., and Lee, 1., Bull. Korean Chem. Soc., 18, 1186 (1997); Chem. Abs.,
128, 88435 (1998).

Krylov, E. N., Russ. J. Gen. Chem., 67, 606 (1997); Chem. Abs., 128, 282555 (1998).

Sung, D. D., Kang, D. H., Chang, J. A, Park, S. B., and Ryn, Z. H., Bull. Korean Chem. Soc., 19, 561
(1998); Chem. Abs., 129, 67437 (1998).

Kislov, V. V., Ivanov, S. N., and Noskov, S. Y., Russ. J. Gen. Chem., 67, 1247 (1997); Chem. Abs.,
128, 321290 (1998).

Zhang, J., Saito, S., and Koizumi, T., J. Am. Chem. Soc., 120, 1631 (1998).

Spillane, W. J. and Brack, C., J. Chem. Soc., Perkin Trans. 2, 1998, 2381.

Spillane, W. J., Hogan, G., McGrath, P., and King, J., J. Chem. Soc., Perkin Trans. 2, 1998, 309.
Spillane, W. J., McHugh, F. A., and Burke, P. O., J. Chem. Soc., Perkin Trans. 2, 1998, 13.

Blans, P. and Vigroux, A., J. Am. Chem. Soc., 120, 9574 (1998).

Harmata, M. and Kahraman, M., J. Org. Chem., 63, 6845 (1998).

Rozas, M. F., Svartman, E. L., Mirifico, M. V., and Vasini, E. J., J. Phys. Org. Chem., 11, 489 (1998).
Garcia-Rio, L., Leis, J. R., Moreira, J. A., and Norberto, F., J. Chem. Soc., Perkin Trans. 2, 1998, 1613.
Garcia-Rio, L., Leis, J. R., Moreira, J. A., and Norberto, F., J. Phys. Org. Chem., 11, 756 (1998).



2 Reactions of Carboxylic, Phosphoric, and Sulfonic Acids 115

173

174

175

176

177

178
179
180
181
182
183

184

185
186
187

188
189
190

Garcia-Rio, L., Hervés, P., Leis, J. R., Mejuto, J. C., and Perez-Juste, J., J. Phys. Org. Chem., 11, 584
(1998).

Hervés, P., Leis, J. R., Mejuto, J. C., and Perez-Juste, J., Langmuir, 13, 6633 (1997); Chem. Abs., 127,
358546 (1998).

Adam, T., Ruff, F., Kapovits, L., Szab6, D., and Kucsman, A., J. Chem. Soc., Perkin Trans. 2, 1998,
1269.

Xie, X., Tao, Y., Cao, H., and Huang, J., THEOCHEM, 422, 237 (1998); Chem. Abs., 128, 192308
(1998).

Fan, K., Li, Z., Wang, W., Huang, X., and Huang, W., Fudan Xuebao, Ziran Kexueban, 36, 1 (1997);
Chem. Abs., 128, 180103 (1998).

Castro, E. A., Cubillos, M., and Saritos, J. G., J. Org. Chem., 63, 6820 (1998).

Ahrika, A., Anouti, M., Robert, J., and Paris, J., J. Chem. Soc., Perkin Trans. 2, 1998, 607.

Oh, H. K., Woo, S. Y., Shin, C. H., and Lee, 1, Int. J. Chem. Kinet., 30, 849 (1998).

Oh, H. K., Lee, J. Y., Yun, J. H, Park, Y. S., and Lee, L., Int. J. Chem. Kinet., 30, 419 (1998).

Tarsa, M. and Bojarski, J., Bull. Pol. Acad. Sci., Chem., 45, 63 (1997); Chem. Abs., 127, 292740 (1997).
Sosa, M., Esteva, A. M., Rodriguez, Y., Morales, M., Plutin, A. M., Alpizar, J., and Cerda, V., An.
Quim., Int. Ed., 93, 337 (1997); Chem. Abs., 128, 180126 (1998).

Humeres, E., Debacher, N. A., Sierra, M. M. de S., Franco, J. D., and Schutz, A., J. Org. Chem., 63,
1598 (1993).

Wang, M.-L. and Liu, B.-L., J. Chin. Inst. Eng., 20, 413 (1997); Chem. Abs., 127, 331057 (1997).
Amado, S., Dicks, A. P., and Williams, D. L. H., J. Chem. Soc., Perkin Trans. 2, 1998, 1869.

Butler, R. N., Grogan, D. C., McDonald, P. D., and Burke, L. A., J. Chem. Soc., Perkin Trans. 2, 1998,
3587.

Isaacs, N. S., Ismail, F., Hilton, M. J., and Coulson, M., J. Phys. Org. Chem., 11, 1 (1998).

Iglesias, E. and Fernandez, A., J. Chem. Soc., Perkin Trans. 2, 1998, 1691.

Dicks, A. P., Li, E., Munro, A. P., Swift, H. R., and Williams, D. L. H., Can. J. Chem., 76, 789 (1998).



Organic Reaction Mechanisms - 1998: An Annual Survey Covering the Literature Dated
December 1997 to November 1998. Edited by A. C. Knipe and W. E. Watts

Copyright © 2003 John Wiley & Sons, Ltd.

ISBN: 0-471-49017-2

CHAPTER 3

Radical Reactions: Part 1

A. J. CLARK and J. SHERRINGHAM

Department of Chemistry, University of Warwick

Introduction. . . ... ... .. 118
Rearrangements . . . .. ........ .. .. ... 118
Group Migration. . . ... .. ... 118
B-Scission (Ring Opening) . . . .. ... .ottt 120
Ring Expansion . . .. ... .. ... ... 122
Intramolecular Addition . . ... ... ... ... .. .. .. .. .. .. .. L 122
Cyclization . . . . .. .. 122
Tandem Reactions. . . ......... ... . . 128
Radical Annulation . . ... ... ... . e 128
Fragmentation, Recombination, and Homeolysis . . . ... ................ 129
Atom Abstraction Reactions . . ... ........ ... .. ... ... .. .. . ... 130
Hydrogen Abstraction by Carbon-centred Radicals . .. ................. 130
Hydrogen Abstraction by Heteroatom-centred Radicals . ... ............. 131
Halogen Abstraction . . .. ... ... ...t 133
Halogenation . . ... ...... ... ... .. . . . . .. . 134
Addition Reactions . . . . ...... ... .. .. ... 135
Addition to Carbon—Carbon Multiple Bonds . . .. .......... ... ... .... 135
Addition to Oxygen-containing Multiple Bonds . . .. .................. 137
Addition to Nitrogen-containing Multiple Bonds . . ................... 138
Homolytic Substitution . ... ... ..... ... ... ... ... ... . ... ... ..... 138
Aromatic Substitution .. .. ... ... .. 138
Sy2 and Related Reactions . . . .. .......... ... ... ... . .. .. . . .. ... 138
Reactivity Effects . . ... ... .. ... ... ... 139
Polarity and Philicity . . . ... ... ... .. e 139
Stability of Radicals . ... ... ... ... ... .. ... ... . .. . 139
Stereoselectivity in Radical Reactions . . . .. ........................ 139
Stereoselectivity in Cyclization . . . .. ....... .. .. .. .. .. . ... 139
Stereoselectivity in Addition Reactions . . . . .. ... ... ... ... ... ... ... 140
Stereoselectivity in Atom Transfer . . .. ...... ... ... ... ... ... .. .... 141
Redox Reactions . . . . . ... .. ... . . . .. . e 143
Radical Ions. . . . ... ... ... 144
Anion Radicals. . . .. ... . . 144
Cation Radicals . ... ... ... . .. . 144
Peroxides, Peroxyl, and Hydroxyl Radicals . . ... .................... 144
Peroxides . ... ... ... 144
Peroxyl Radicals. . . . ... ... . 145
Hydroxyl Radical . .. ...... ... .. ... .. 146
References . . . .. ... ... ... .. 147

117



118 Organic Reaction Mechanisms 1998

Introduction

Free-radical chemistry continues to be a focus for research, a number of reviews
being published in 1998. In particular, mechanistic considerations have attracted sig-
nificant interest, with an increasing number of theoretical papers appearing. These
theoretical papers have dealt with all aspects of radical chemistry, including the
modelling of mechanisms and kinetics of radical processes ranging from biolog-
ically relevant radical reactions to those of importance in the atmosphere and in
combustion.

At least 10 reviews on peroxyl radicals and their reactions have appeared, ranging
in subject from their reactions in the gas phase and in the atmosphere to their ESR
spectra and rate constants for formation'~'” (for more details of these papers, see the
Peroxyl Radicals section of this chapter). The chemistry of aromatic systems has also
attracted attention. Comparative quantitative structure—activity relationships (QSAR)
for the reactions of a range of radicals with aromatic compounds have been reported.'!
This review includes reactions relevant to biological and atmospheric systems as well
as conventional organic chemistry. Both the electron-transfer (ET) mechanisms for
nitration of aromatics by *NO,, and ‘NOj as well as the radical-coupling reactions
between phenoxy radicals and nitrogen dioxide have also been reviewed.'>!3 Radical
and radical-ionic migrations and fragmentation reactions have been reviewed. The
discussion concentrates in particular upon the reactions of B-(acyloxy)alkyl and S-
(phosphatoxy)alkyl radicals.'* In addition, another paper comparing the reactivity of
a range of radicals and radical cations has appeared.'”

Turning to the application of radical chemistry in organic synthesis, a review deal-
ing with the cyclization of carbon radicals on to unsaturated CN bonds and the
cyclization of a range of nitrogen-centred radicals has appeared.'® In addition, new
synthetic methods utilizing photo-induced single-electron transfer'” and all aspects of
the solution structure, reactivity, and chemistry of carbon-centred fluorine-containing
free radicals have been reviewed.'® The development of asymmetric radical reac-
tions continues with a review appearing on stereoselectivity of hydrogen- and allyl-
transfer reactions in acyclic systems.'® Homolytic substitution reactions have also been
reviewed.?”

Rearrangements
Group Migration

The chemistry and rearrangement reactions of f-(acyloxy)alkyl and g-
(phosphatoxy)alkyl radicals have been reviewed.'* The review incorporates both
rearrangement and fragmentation reactions as well as addressing mechanistic
considerations. It also addresses QSAR, ESR, and computational aspects of this
class of reaction. Rate enhancements of acyloxy rearrangements (1) to (3) have been
observed if the reactions are carried out in the presence of a stoichiometric quantities
of Lewis acid (Scheme 1).2! Based upon recent calculations, it was postulated that
this acceleration upon complexation was due to favouring of the three-electron three-
centred shift mechanism for rearrangement. The 1,5-migration of aryl groups from
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sulfur [in a range of arylsulfonates, e.g. (4)] to carbon have been investigated.”? In
particular, the stereochemical outcome of these migrations has been studied. Reaction
of (4) with Bu3SnH under standard conditions gave (6) in 76% yield as a 13:1
mixture of diastereomers (Scheme 2). Effective 1,2-stereochemical induction was also
observed in the reactions. The observations were explained due to the chair-like
transition state arising from ipso cyclization via the cyclohexadienyl radical (5).

The chemical vapour disposition (CVD) of diamond is an important process
but little information is available on the mechanistic reactions taking place at the
surface.”® Both chemical trapping studies, as well as calculations on model systems
for the surface radicals [interconversion of 3-methylenebicyclo[3.3.1]nonan-7-yl (7),
(3-noradamantyl)methyl (8), and 1-adamantyl (9) radicals], have been used to
investigate the process in more detail (Scheme 3). The thermal isomerization of
homoazulene, which involves a ground-state di-w-methane radical rearrangement,
has been studied using semiempirical AM1 methods. The activation energies and
geometries of each step in the pathway have been calculated.?*
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B-Scission (Ring Opening)

Newcomb and co-workers have explored the ring opening of variously-substituted
cyclopropylcarbinyl radicals.?>~%7 The electronic effects on the kinetics of cycloprop-
ylcarbinyl radical ring opening have been probed by ab initio methods at a range of
levels of theory. Whereas vinyl and methoxy substituents on the ring (R?, R?, R*, R®
in Scheme 4) reduce the activation barriers due to conjugation and hyperconjuga-
tion, respectively, when these substituents are at the radical centre (R') they raise the
barrier.”> Theoretical calculations were in good agreement with experimental data. In
addition, ring openings of cyclopropyl groups containing reporter groups have been
measured using laser flash photolysis (LFP) methods.?” Three reporter groups were
studied, each of which rearranges on the nanosecond time-scale to give UV-detectable
benzylic radicals. Interestingly, alkyl radicals (10a, b) displayed no kinetic solvent
effect whereas the ester-substituted radicals (10c, d) did. High levels of theory have
also been used to investigate the ring opening of the related hetero-substituted com-
pounds (Scheme 5).28 It was found that the CBS-RAD procedure gave good agreement
with experimental thermochemical data. While hetero substitution at the 1-position had
little effect on the rate of ring opening, substitution at the 2-position caused a signif-
icant rate enhancement. In related work, the fast ring openings of the secondary and
tertiary trans-2-phenylcyclopropylcarbinyl radicals (11) have been determined to be
three orders of magnitude faster than those of the corresponding series (12).2

Ring opening of four-membered rings has also been investigated. 2-Oxetanon-4-
ylcarbinyl radicals (13) undergo a facile ring opening with cleavage of the C—O
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bond to give initially 3-butenoyl radicals (14), which, after loss of CO,, give allyl
radicals. Using conventional Buz;SnH/AIBN procedures, low yields were obtained
owing to poor chain propagation; however, the inclusion of catalytic Ph,Se, gave
much cleaner reactions owing to the better H-donor ability of the PhSeH formed in
situ (Scheme 6). In the presence of a stoichiometric quantity of PhSeH, the reduced
product (15) was trapped in 80% yield.?* B-Elimination in acyclic systems is also
possible. The relative rates of elimination from a number of carbon- and nitrogen-
centred radicals (16) have been measured. For carbon radicals the order was found to
be Y = Br > PhSe > PhS > PhSO, > Cl, whereas for nitrogen-centred radicals the
order PhSe > PhSO, > PhS & Br was observed (Scheme 7).3° The effect of solvent
upon the rate of B-scission of the z-butoxy radical has been determined by LFP.3!
It was concluded that both the solvent polarity and its ability for hydrogen bonding
accelerated the rate of B-scission. The aqueous kinetics of the succinimidyl radical
have been examined in the presence of a range of oxidizable substrates and oxygen.?
A rapid equilibrium between the succinimidyl radical and its ring-opened analogue
[the B-(isocyanatocarbonyl)ethyl radical] was observed and the equilibrium constant
measured.
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Ring Expansion

The one-carbon ring expansion of (17) to (18) has been accurately measured and
proposed as an alternative radical clock to the 5-hexenyl radical to help determine
rates in the middle regions of the kinetic scale (Scheme 8).% Ab initio calculations
have indicated that the isomerization of the 3-oxocyclopentylmethyl radical to the
3-oxocyclohexyl radical is energetically more favourable than the process leading to
the ring-opened 5-hexenoyl radical.**

o o)
é<C02Me CO,Me
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Intramolecular Addition
Cyclization

Free-radical cyclization on to unsaturated CN bonds and also the cyclization of a
range of nitrogen-centred radicals have continued to attract interest and have been
reviewed.'® Aryl radicals, generated from BusSnH- or TTMSS-mediated homolytic
cleavage of aryl-bromide bonds, have been shown to cyclize on to the nitrogen atom
of imidate esters in the 5-exo mode (Scheme 9).%> Loss of an ethyl radical leads to
the observed N-acylindolines. No cyclization in the 6-endo mode was detected.

Cyclizations of amidyl radicals have been studied both synthetically and kinetically.
A detailed study on the rates of a variety of amidyl radical reactions was determined by
both LFP and indirect competition methods (Table 1).30 In addition, the rate constants
for reactions with Bu;SnH and PhSH were also reported (thus giving a range of simple
amidyl radical clocks). The results obtained will be useful in synthetic sequence-
planning involving amidyl radicals.
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B i
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TABLE 1
Radical ke(s™) kr(BusSnH) (1mol~'s~1)

KN,/* 2 x 109 1.3 x 109

N 5% 108 1.3 x 10°

N, 1 x 107 1.3 x 10°

In synthetic work, amidyl radicals, prepared by Bu;SnH/AIBN-mediated homolysis
of O-benzoylhydroxamic acid derivatives, have been shown to cyclize in a 4-exo
fashion to give B-lactams (Scheme 10).%7 In addition, radicals generated in this way
have also been reported to undergo 5-exo cyclization to give mixtures of cis- and
trans-pyrrolidinones with the steric nature of the N-substituent having little effect on
the stereochemical outcome (Scheme 11).>® The major products detected were those
predicted by application of the ‘Beckwith rule.’

The cyclization of a range of fluorinated radicals has attracted interest.*4? The rate
constants for the 5-exo cyclization of a range of fluorinated 5-hexenyl radicals have
been studied as a function of the position and number of fluorine substituents. For
fluorine substituents at or close to the alkene there is little effect on the rate, whereas
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fluorine near to the radical centre has a great effect on both the rate and the regiose-
lectivity. These effects were ascribed to both polar and pyrimidalization effects.>* The
rate constant for cyclization in the 6-exo mode of the 1,1,2,2,3,3,4,4-octafluorohept-
6-enyl radical has also been reported and was found to be 3700 times greater than
that of the parent hept-6-enyl system. It was also found to be faster than the 5-exo
cyclization of its fluorinated analogue.*” The competition between cyclization in the
4-exo and 5-endo modes of amide derivatives has been investigated by a number of
groups. The effect of the radical substituent R in the Buz;SnH-mediated cyclization
of a range of N-vinyl-a-haloamides (19) has been reported (Scheme 12).*! Radical-
stabilizing groups (such as Ph and Me) furnish 5-endo products, whereas when R = H,
the B-lactams are formed. The results were explained based upon the reversibility of
the 4-exo cyclization leading to the thermodynamic products when R was radical
stabilizing. The temperature dependence indicated that lower temperatures favoured
the kinetic products. In related work, the cyclization of di-or tri-halo-substituted
N-vinylamides proceeded to give either 5-endo or 4-exo products depending on the
temperature.42 Thus, cyclization of (20) at low temperature with Bu3SnH/Et;B/O,
preferentially occurred in a 4-exo fashion (kinetic control) to give (21) after trapping
with O,; at reflux, however, the 5-endo product (22) was obtained via an irreversible
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elimination of PhS.. Xanthate derivatives of N-ethenylacetamides (23) undergo effi-
cient radical cyclization to give B-lactams (Scheme 14).43

Cyclization to give larger ring sizes has been reported to be mediated by Bu3SnH.*
The effects of chain length (12-, 15-, 18-, 21- and 24-membered rings) and the sub-
stituents present on the chain on the outcome of the reactions and the effect of solvent
were evaluated (Scheme 15). The rate constants determined for cyclization at 80 °C
in benzene for a variety of chain lengths were shown to be 10-30 times greater
than those for the cyclization of the corresponding parent alkenyl species, presumably
owing to the decrease in strain energy in the transition state.

The absolute rate constants for a variety of cyclizations have been measured. In
particular, the rates of decarbonylation of a variety of alkoxycarbonyl radicals have
been obtained by LFP studies on PTOC oxalates.*> From these data, rate constants
for the reduction of alkoxycarbonyl radicals with BuzSnH and their 5-exo cyclizations
were determined. Whereas cyclizations were slightly faster than the analogous alkyl
radical 5-exo cyclizations, their reactions with BuzSnH were 10 times slower, indicating
that cyclization processes should be synthetically useful. The rate constants for the
cyclization of a number of variously substituted «-amide radicals have been determined
together with their relative reactivities towards reduction using Bu3SnH (Scheme 16).46
Cyclizations of secondary-based radicals were found to be similar to the corresponding
alkyl-substituted radicals. In addition, the rate constants were subject to minor electronic
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effects (as in the case of «-ester radicals) but steric effects led to reductions in rates far
greater than those observed in other electron-deficient radical cyclizations.

A model radical-reaction system has been used to probe the postulated radical rear-
rangement/cyclization mechanism proposed for the growth of diamond by chemical
vapour deposition.”3 The results of these model studies agree with low-level calcula-
tions used to model a large section of the diamond surface. Unsymmetrical stilbene
derivatives have been prepared by 5-exo cyclization of aryl radicals on to vinyl sulfon-
amides and sulfonates followed by elimination of SO, (Scheme 17).*” The mechanism
of the spiro-cyclization of (24) has been investigated. On the basis of isotopic labelling
studies, it was proposed that oxygen transfer from an NO, group to a cyclohexadienyl
radical was the most likely process (Scheme 18).43

Ar\L Ar__, Ar
SO, SO, /

. | | -S0,
@/ X X X*

SCHEME 17

MeO OMe O = MeO o% % OMe
O\/\)J\ N
(6]

SCHEME 18



3 Radical Reactions: Part 1 127

7C SiPh,
XSH o - \
7C SiPh, .
O I y SlPh2

H XS* o
23) >-<
XSH
_ SiPh,
(0)
SCHEME 19
T A
r OH
t t
Bu Bu Bu' Bu’
—_— Ar=
(26)
SCHEME 20
Q TTMSS, AIBN Y
)k reflux, toluene
W N~ SePh NT.
Ts s
66%
SCHEME 21

Radical-chain cyclization of alkenyloxysilanes using thiol catalysts give five-
membered ring products (via a 5-endo cyclization) in the case of allyloxysilanes
(25) (Scheme 19).* Homoallyloxysilanes gave a mixture of five- and six-membered
rings, but the intermediate silyl radical underwent predominantly 6-endo cyclization.
Pentenyloxysilane gave the 7-endo product only. The stereochemistry of these
reactions was found to be determined by steric effects, even in the presence of chiral
thiol catalysts. The structures of the radical intermediates were studied by EPR.

The radical-ion probe (26) has been used mechanistically to investigate the addition
of Grignard reagents to conjugated carbonyl compounds (Scheme 20).>° Reaction of
(26) with 5-hexenylmagnesium bromide indicated that cyclization occurred mainly
by a polar process; however, the detection of products arising from reaction via a
cyclopentylcarbinyl rearrangement indicated freely diffusing paramagnetic intermedi-
ates. Carbamoyl radicals derived from Se-phenyl selenocarbamates undergo efficient
intramolecular addition to alkenes (Scheme 21).>! Substituent effects for the regiose-
lectivity of cyclization of vinyl radicals on to aromatic rings have been reported.>
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The ability to sequence radical reactions continues to be a great advantage in the
use of radical chemistry in synthesis. For example, the controlled sequencing of five
different reactions leads to the formation of the steroidal skeleton (28).%% Thus, two
6-endo cyclizations followed by a cyclopropyl ring opening/9-endo-trig/transannular
cyclization furnishes (28) from (27) in 45% yield (Scheme 22). The ring opening of
cyclopropyl radicals has also been utilized in a cascade process leading to bicyclic
systems.>* Thus, Sml,-mediated reaction of the methyl 2-cyclopropylethyl ketone (29)
to give ethers (30) proceeds with high stereoselectivity (Scheme 23). The stereose-
lectivity was dependent on the presence of additives (HMPA, 10:1 mixture, DMPU
1.5:1, no additive 1:1.3). Cyclization via the transition state (31) was postulated to
explain the stereoselectivity.

The tandem 8-endo/5-exo cyclization of the (alkoxycarbonyl)methyl radical (32)
has indicated that 8-endo cyclization is favoured over 5-exo cyclization in this system
(Scheme 24).%5 Ab initio studies indicated that this was due to the initial radical
favouring a (Z)-(32) over an (E)-(32) conformation.

Radical Annulation

A novel [3 4+ 2] radical annulation of o-cyano-substituted aryl radicals with alkynes
has been reported.’® The reactions occur by addition of the aryl radical to the alkynes
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followed by cyclization of the resulting vinyl radical on to the cyano group to give
an imine radical. The fate of this radical is then determined by the reaction conditions
(Scheme 25).

Fragmentation, Recombination, and Homolysis

Radical-recombination reactions play an important role in combustion and atmospheric
processes. Reactions that have no energy barrier along the reaction coordinate have
become increasingly studied theoretically. For example, canonical flexible transition-
state theory (CFTST) has been used to determine the temperature dependences of the
self-recombination of Me*, F5C* and Cl;C" radicals.’” There was found to be good
agreement between theoretical data and experiment. Both the combination reactions
of Me® with ethane and of Me* and H® with methane have been examined theoretically
at high temperatures and pressures.’®> For both processes the combination was best
described by the formation of a weakly-bound intermediate with the contribution of
a strongly bound complex for the Me® recombination being one order of magnitude
smaller. For the CHj - - - H complex, the contribution involving a strongly bound com-
plex was dependent on temperature. The recombination of peroxyl radicals in the gas
phase has been reviewed.> The review concentrates on both kinetic and mechanistic
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aspects. Key reactions that underpin new non-bromine-containing fire-extinguishing
methods have been studies theoretically (MP2, QCISD, B3LYP, GAUSSIAN-1 and
-2).%0 In particular, the reactions between *CF; and both HO® and H' have been probed.
The recombination reactions of methyl radicals (‘CH3," CH,D and *CHD;,) with D*
have been studied at low pressures.®' At 1 Torr the initially formed methane complex
was found not to be stabilized.

Ab initio methods have been used to locate the potential-energy surface and transi-
tion states for a series of hydrogenolysis reactions in order to determine whether the
Marcus equation could be extended to atom-transfer reactions.%? It was concluded that
there was not good agreement with the Marcus equation owing to the latter’s neglect
of Pauli repulsion. If the Pauli repulsion terms were considered, then an equation that
fits the data can be constructed. This indicated that the repulsions were important
and should be considered in atom-transfer or ligand-transfer reactions. The homolytic
bond-dissociation enthalpies of the C—H bonds adjacent to a variety of hydrocarbon,
allylic and benzylic radicals have been calculated using the ab initio CBS-4 method.®
Calculations suggested that radical centres typically weaken the neighbouring C—H
bond strength by about 50—70kcal mol~'. In other theoretical work the thermochem-
istry of the reactions between HSCH; and O,, NO, and NO, have been calculated by
HF, MP2, DFT, CBS-4, CBS-Q and G2MP2 methods.*

Hydrogen abstraction from propan-2-ol and propan-2-ol-d; by hydrogen and deu-
terium atoms has been studied by pulsed radiolysis FT-ESR.%5 A secondary kinetic
isotope effect was observed for H*(D*®) abstraction from the C—H (C—D) bonds. The
results were compared with ab initio data. In similar work, the kinetic isotope effects
in H* and D* abstraction from a variety of other alcohols in aqueous solvents have
been measured.® It was found that, compared with the gas phase, the reactions exhibit
higher activation energies in agreement with the ability of solvation to decrease the
dipole moment from the reactant alcohol to the transition state.

The pressure dependence of the reaction between butane-1-thiol and hydrogen atoms
at 133, 266, 532, 2660, and 5320 Pa, using two types of fast-flow discharge reac-
tors, have been studied.®’” Butane and but-1-ene were the main products. Pressure
dependence indicated decomposition through vibrationally activated species.

Bromine-atom atomic resonance absorption spectrometry (ARAS) has been applied
to measure the thermal decomposition rate constants of CF;Br in Kr over the tem-
perature range 1222—1624 K.%® The results were found to be consistent with recently
published theory. The formation of cyclopent[a]indene and acenaphthylene from alkyl
esters of biphenyl-mono- and -di-carboxylic acids has been observed in flash vacuum
pyrolyses at 1000—1100 °C.%° The kinetics and mechanisms of free-radical generation
in the ternary system containing styrene epoxide, p-TsOH, and i-PrOH have been
examined in both the presence and absence of O,.”°

Atom Abstraction Reactions
Hydrogen Abstraction by Carbon-centred Radicals

Hydrogen abstraction by fluorinated and chlorinated radicals has attracted a good deal
of attention.”!~73 The rates of H-abstraction by both the perfluoroisopropyl and ¢-butyl
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radicals have been measured and compared with those for non-fluorinated analogues.”!
The rate constants of 3.6 x 10° and 2.4 x 10 1mol~' s~' were much higher than for
their respective non-fluorinated analogues. In the case of 1-C4F; it was found to be
more reactive than the highly electrophilic (Me);CO" radical. The kinetics of hydrogen
abstraction by the CF3;CO—C(C;Fs); radical have been studied by ESR and a reaction
mechanism proposed.”?> Hydrogen abstraction from a range of cycloalkanols by Cl;C*
has been studied.”® The authors proposed that under specific conditions the reactivity
of the C—H bonds is controlled by hyperconjugation of neighbouring C—H bonds,
rather than I-strain or radical stability.

In theoretical work, the initial steps in the polymerization of 1,1-dicyano-, 1,1-
difluoro-, and 1,1-dimethyl-cyclopropanes by reaction with H*, *‘OH, and Me* have
been modelled by ab initio methods.” Other ab initio MO calculations for the reac-
tions of H*, Me*, Et’, i-Pr*, and ¢-Bu® with a variety of silanes and germanes have
been carried out.”” The results indicate that the attacking and leaving radicals adopt
an almost co-linear arrangement. Bond distances and energy barriers were predicted
for the reactions studied.

In kinetic studies, the abstraction of F* from CF;CH,OH by ArN,"BF,~ was
shown to be an ionic process, whereas abstraction of an «-H atom from CH3;CH,OH
was determined to be a radical process.”® In other kinetic work, the expansion of
cyclopentanones has been used to measure the kinetics of hydrogen-atom abstraction
reactions for a range of hydrogen donors in benzene including (MeO),P(O)H(1.2 x
10°Imol~'s~!) and (MeS);SiH(3.9 x 10° 1mol~' s~ 1).33

The feasibility of hydrogen abstraction at the peptidyl a-carbon hydrogen bond by
1,4-aryl diradicals has been determined by examining a model reaction, i.e. abstraction
of deuterium from dideuterioglycine by aryl radicals.”” The results have biological
implications for the reactivity of the enediyne anti-tumour antibiotics with proteins.
The non-Arrhenius behaviour of hydrogen-abstraction reactions by radicals has been
investigated.”® For a number of reactions studied the enthalpy of activation was found
either to increase or to decrease as a function of temperature.

An example of the relatively rare 1,4-hydrogen-atom transfer has been invoked in
the reaction of (34) to give (35); see Scheme 26.

Hydrogen Abstraction by Heteroatom-centred Radicals

Abstraction reactions in biological systems, in particular the site of radical attack in
proteins (oxidative damage), continue to be a matter of great interest, primarily owing
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to their implicated role in ageing and other disorders. In the light of this interest, ab ini-
tio studies have been used to calculate bond-dissociation energies and transition states
for hydrogen-atom abstraction by thiyl radicals [B3LYP/6-31G(D)] in both cysteine
and model peptides.’”® In addition, implications for the radical-induced strand cleavage
of DNA have been examined by observing the racemization of the model tetrahydro-
furfuryl acetate under a range of conditions.3® Whereas the presence of alkanethiols
was ineffective in promoting racemization, those containing electron-withdrawing
S-alkyl groups (1-thio-B-D-glucopyranose and 2,2,2-trifluoroethanethiol) acted as good
promoters of radical racemization via ‘polarity reversal catalysis.” The mechanism of
‘polarity reversal catalysis’ has been probed using a variety of theoretical methods
to examine the hydrogen-atom transfer reaction between silane and the methylthiyl
radical.’! At the highest level of theory, CCSD(T)/aug-cc-pVDZ/MP2/aug-cc-pVDZ
calculations predict the abstraction to proceed with an energy barrier of 34.0 kJ mol ™'
while being endothermic by 18.3—34.0kJ mol~'. These calculations indicate that sus-
tainable chain reactions are certainly possible by invoking the traditional explanation
for the origin of the ‘polarity reversal catalysis.’

Hydrogen abstraction by halogens has attracted much study, in particular the abstrac-
tion by CI'. H-atom abstraction from propane by CI° has been studied using VUV
synchrotron radiation in a crossed molecular beam.®? The rate coefficients for the
abstraction of H* from methane, ethane, propane, and butane by CI" have been mea-
sured by pulsed-laser photolysis resonance fluorescence.®® The laser flash photolysis
fluorescence technique has also been used to investigate the kinetics and mechanism
of the reaction between CI° and Mel as a function of temperature (218—694 K).3*
Above 364 K, the rates were found to be independent of pressure and a significant
H/D kinetic isotope effect was measured, indicating that hydrogen transfer was the
dominant pathway; on the other hand, at temperatures lower than 250 K, rates were
pressure dependent; at temperatures between 263 and 309 K reversible addition was
observed. In theoretical work, ab initio calculations have been performed for reac-
tions involving channel hydrogen abstraction from methanol by CI°, Br*, and F* .38
The calculations showed that all three reactions proceed via formation of intermedi-
ate complexes. Rate-constant calculations were found to be in good agreement with
experimental data.

Hydrofluoro ethers have been proposed as a new generation of CFC alternatives.
The absolute rate constants for the abstraction of a hydrogen atom by CI° with several
hydrofluoro ethers have been examined using VLPR monitored by quadrupole MS.%’
The rate parameters for abstraction were found to correlate well with the theoretical
C—H bond strengths determined by ab initio calculations.

Reactions mediated by F* have also been investigated. The absolute rate constants
for hydrogen-atom abstraction from CHF;, CHCIF,, CHCI,F and CHCI; by fluorine
atoms have been reported.®® Using a pulsed-radiolysis UV —vis absorption system, the
rate constants for reaction of F* with MeCHO and of O, with MeCO have been mea-
sured at 295 K at 1000 mbar.®® The two possible H-abstraction reactions of CHF,CHj3
with F* atoms were studied through theoretical calculations and were found to be in
good agreement with experimental values.”® The same authors have also measured the
rate constants and kinetic isotope effects (1.4 £ 0.2) for direct hydrogen abstraction
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by CI' from butane and butane-d using both the relative-rate method (GC-FID) and
resonance fluorescence (FFDS).”! Both methods were in good agreement.

Hydrogen-atom abstraction from a range of alkyl-substituted aromatics by peroxyl
radicals has been examined by statistical analysis based upon MINDO/3 calculations.
The role of various structural factors in the regioselectivity of abstraction was exam-
ined and discussed.”” A range of theoretical methods, ranging from DFT to ab initio
methods, have been used to examine hydrogen abstraction from ethane by the hydrogen
atom and conclusions as to the best systems to employ were discussed.”® Comments
upon the Roberts and Steel and Zavitsas methods for calculating energies of activation
of hydrogen-atom abstractions have appeared, and the limitations of both approaches
highlighted.”* The Zavitsas approach has been used to calculate the H'30—H/HO*
identity reaction in the light of recent experimental results.

The reaction of amino acids with HOCI was studied using EPR spin trapping
and UV-vis spectroscopy.”> Some nitrogen-centred radicals, which then undergo

a variety of abstraction, rearrangement, and fragmentation reactions, were detected
(Scheme 27).
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Halogen Abstraction

Halogen abstraction by Bu3Sn® has been studied by a number of groups. The activation
energies for halogen abstraction from a range of aliphatic, benzylic, and aromatic
halides have been measured and the results compared with the bond-dissociation
energies of the C—X bond.”® In addition, the absolute rate constants for the abstraction
of bromine from a range of aromatic bromides by Bus3Sn’ has been reported.”’
For the particularly hindered 2.4,6-tri-z-butylbromobenzene, the rate was found to
be unusually fast, presumably owing to steric acceleration. Ab initio calculations at
various levels of theory have been used to investigate the hydrogen-atom transfer of
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various w-halo-l-alkyl radicals. It was found that, for 1,5- to 1,7-halogen transfer, the
reaction took place via C, or Cy symmetric transition states. No 9-X-2 intermediates
were located in the study.98 In other theoretical work, halogen abstraction from CFy,
CF;Cl, CF;Br, and CF;sl by Me® has been studied theoretically at HF/6—31G(d) and
MP2 = full/6-31G(d) levels of theory.” Transition states, energy barriers and rate
constants were calculated (298—2500K range). The computed results were accurate
to +61kJ mol~! over the 360—500 K range. Conclusions were drawn with respect to
flame-suppression chemistry.

A range of traditional ab initio methods (HF, MP2, MP4) have been compared with
DFT methods (B3LYP, BLYP) in the Cl-abstraction reactions of MeCl, CH,Cl,, and
CHCI; by the silyl (H3Si%) and trichlorosilyl (Cl3Si*) radicals, respectively.'® While
HF, MP2, and MP4 largely over-estimated the activation barrier, DFT approaches
gave results in good agreement with experiment (B3LYP being the best).

The relative importance of bromine-atom abstraction, relative to hydrogen abstrac-
tion, in the reactions of CsH;Br, C4HgBr, s-C3H7Br, and s-C4HyBr with the hydrogen
atom have been estimated by bond-energy bond-order (BEPO) calculations.'! The rate
coefficients for the reactions were determined by experiment in a discharge flow reac-
tor and good agreement with predictive information was achieved. The reaction of
thiolate ions with a range of 2,2,2-trifluoroethyl halides under UV irradiation at room
temperature has been investigated.'”> These reactions led to the generation of the tri-
fluoroethyl radical (detected by ESR), indicating that the processes were proceeding
via an Srn 1 reaction.

Halogenation

The chlorination of alkanes has been investigated in supercritical CO, (SC—CO,).!0?
The chlorine-atom cage effect was used to probe the effect of viscosity and solvent
clusters on reactivity and cage lifetimes. No evidence was found for an enhanced
cage effect. Chlorine-atom selectivities were found to be intermediate between the
gas and liquid phases. The lower viscosity of SC—CO,, compared with conventional
solvents, allows absolute rate constants to exceed 10'1mol™!'s~! and the tuneable
solvent properties allow a means of controlling both reactivity and selectivity. The
free-radical chlorination of alkanes has also been examined in a range of chlorinated
solvents.!” The results indicate that CI° forms a complex with halogenated solvents,
with the selectivity of hydrogen abstraction decreasing with increasing Cl content of
the solvent (i.e. increasing ionization potential of the solvent).

The mechanism of addition of Cl, and CI* to both alkynes'® and alkenes'?®1%7 has
been reported. Theoretical calculations have shown that the addition of Cl, to C,H;
proceeds through a free-radical mechanism, the initial step being the generation of CI°
and CoH,CI' radicals.!® In a reply to comments on previously reported work'® on
the inverse kinetic isotope effect observed for the addition of CI° to C;Hy and C,Dy,
it was highlighted that, owing to the large standard deviation in the experiment (27%)
and limited number of experiments conducted in He, deriving values for the third-
body efficiency of N, versus He was not appropriate. However, it was also pointed
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out that this would not affect the ultimate conclusion that there was an inverse Kinetic
isotope effect of about 3 for the reactions examined.'?’

The kinetics of the reactions of photo-generated *CH,Cl, *CHBrCl, *CCls, and
CH;C*Cl, radicals with Cl, have been measured. In addition, the transition states
for the four reactions were localized and optimized at the MP2/6-31G(d,p) level
of theory. The kinetics were found to be controlled by the electronic nature of the
substituents. %8

Addition Reactions
Addition to Carbon—Carbon Multiple Bonds

The regioselectivity of the addition of nucleophilic radicals, derived from alcohols and
ethers, to a range of chlorofluoropropenes (36a—d) have indicated that selectivity is
dependent on the number of chlorine atoms on the alkene.'” Thus, addition to (36¢)
proceeds in an anti-Kharash mode while the rates of addition decreased with increasing
chlorine substitution. In theoretical work, the regioselectivity of addition of the methyl
radical to fluoroethanes has been studied using quantum-mechanical calculations.''”
While the Hartree—Fock (B3LYP) method is reliable in calculating activation energies
and reaction enthalpies, it fails to predict accurately the regioselectivity of addition.
Coupled cluster calculations were found to be far more reliable. Similar calculations
on the addition of Me* to alkenes using DFT methods have shown that, in comparison
with *CH,OH, Me* does not behave as a nucleophile.111 The addition of other carbon
radicals to alkenes has also been investigated by ab initio calculations at a variety of
levels of theory. Closest agreement with experimental barriers was found with the use
of the CBS-RAD procedure.112 In other theoretical work, molecular-orbital calcula-
tions have been used to study the addition of a range of free radicals to alkenes.'!'
High levels of theory were required to obtain useful data. Polar effects were found to
be important for the addition of *CH,OH, *CH,CN, and Me;C" radicals.

The addition of a range of perfluoro-n-alkyl radicals to both CH,=CHCH,C4Fy
and CH,=CHC,F, have been studied and the rate constants determined as 1.15 x 10°
and 2.6 x 10° Imol~!s~!, respectively, at 298 K.''* The mechanism for the addition
of both Me* and *CF; to fluoroethylene has also attracted attention.'!> The results
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indicated that, regardless of fluoro substitution, the alkenes acted as electron donors
whereas the radicals acted as electron acceptors. The anomaly in the regioselectiv-
ity found for the addition of both Me' and *CF; radicals to trifluoroethylene was
explained in electrostatic terms. The radical addition to a series of cyclopentenones
and cyclohexenones was found to occur primarily at the 3-position (kinetic product) at
lower temperatures, but at higher temperatures or with a hindered 3-position addition
occurred at the oxygen atom.!!6

The absolute rate constants for the addition of the cyclic malonyl radical (37) and
the di(z-butyl)malonyl radical to over 26 different alkenes have been measured by
time-resolved ESR spectroscopy.!!” Rate constants range from 1.1 x 10° 1mol™' s~!
(acrolein) to 2.41 x 10°Imol~!' s~! (1,1-diphenylethene) with activation energies rang-
ing from 12.9kImol~! (1,1-diphenylethene) to 21.7kJmol~' (acrylonitrile). Cor-
relation with alkene ionization potential and reaction enthalpy was observed. No
correlation between the activation energy and the alkene electron affinities was found.

In atmospheric chemistry, reactions between pure nitric oxide and a range of acti-
vated alkenes have been examined. However, no addition products were observed.!!8
Only in the presence of NO, was addition to give S-nitroalkyl radicals, followed by
trapping to B-nitronitroso compounds, observed. These final products can also trap
other radicals to give aminoxyl radicals.

In order to determine the fate of *NO; at night in the troposphere, an ab initio
study on the mechanism of the reaction of *NO; with ethene has been reported.''”
The theoretical data show that, out of the three possible reaction channels to give
oxirane, ethanol, or nitric acid, the formation of oxirane is kinetically favoured at low
pressures. In other atmospheric-chemistry studies, there is increasing evidence that
suggests that brominated compounds play a significant role in ozone chemistry, and
this has prompted interest in studying the low-pressure (0.5—2.0 Torr) reaction between
bromine atoms and propene (233—-320K) using mass spectrometric discharge flow
methods.'?’ Both the abstraction and addition pathways were observed and Arrhenius
expressions obtained.

The rate constants for the addition of a range of carbohydrate and myo-inositol-based
radicals to acrylic acid have been measured using EPR spectroscopy.'?! The addition
of a-keto radicals to allylsilanes has been reported and is heavily dependent on the
substitution, size, and electronic properties of substituents attached to the silicon atom.
Thus, electron-donating groups promote the additions but increased steric demand at
silicon retards them.!'?? Radicals derived from a-halo esters in the presence of Ph3SiH
were found to add efficiently to electron-rich alkenes in the presence of thiols as
polarity-reversal catalysts.'?> The use of optically active thiols such as the glucose
derivative (38) proceeds to give adducts with induced enantioselectivity. Thiols have
also been shown to catalyse the addition of primary aldehydes to terminal alkenes to
give ketone adducts in moderate yields.!>* The hydroacylation reaction was effective
for electron-rich, neutral, and electron-deficient alkenes, with the former being the
most efficient reactions. Triorganosilanethiols also function as catalysts. The role of
the thiol was postulated to be that of a polarity-reversal catalyst which promoted
hydrogen-atom transfer from the aldehyde to the carbon-centred radical produced by
addition of the acyl radical to the alkene.



3 Radical Reactions: Part 1 137

The ability to conduct radical reactions without the use of tin reagents is important.
Allylic triflones have been used to conduct allylation reactions on a range of substrates
(39) as a replacement for allyltributylstannane (Scheme 28).'% The main limitation
was that unactivated or trisubstituted triflones failed to undergo reactions. In other non-
tin radical methods, arenesulfonyl halides have been used as functional initiators in
the CuCl/4, 4’-dinonyl-2, 2'-bipyridine-catalysed ‘living’ atom-transfer polymerization
of styrenes, methacrylates, and acrylates.'?® The kinetics of initiation and propagation
were examined with a range of substituted arylsulfonyl halides with initiator efficiency
measured at 100%.

A range of addition reactions of (TMS);GeH with alkynes, alkenes, ketones,
azines, and quinones has been studied using EPR.'”’ In addition, synthetic studies of
hydrogermylation of alkynes have shown that the reaction proceeds regio- and stereo-
selectively, whereas reactions with alkenes do not take place (presumably owing to
the reversibility of the germyl radical addition) (Scheme 29).
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The reactions of N-phenyl a-z-butyl nitrone (PBN) with maleimides, maleic anhy-
dride, and diethyl maleate have been studied by EPR and two types of spin adduct
detected. They arise from the reductive addition of PBN to the alkenes and the degra-
dation product of DBN (2-methyl-2-nitropropane).!?® The deuterium and muonium
kinetic isotope effects for the addition of the hydrogen atom to a variety of alkenes
have been determined experimentally and theoretically.'?

Addition to Oxygen-containing Multiple Bonds

A new free-radical carbonylation strategy, employing S-phenyl chlorothioformates
and alkyl halides, has been developed.!3® Reaction with (Bus3Sn), furnishes the cor-
responding S-phenyl esters in moderate yields (Scheme 30).
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Addition to Nitrogen-containing Multiple Bonds

Muon spin relaxation (uSR) has been employed in determining the rate constants and
Arrhenius parameters for the addition of the ethyl radical and the #-butyl radical to
NO."3! 5-exo-Cyclization of aryl radicals on to the nitrogen atom of imidate esters has
been reported.? Intermolecular radical addition to a wide range of aldoxime ethers,
using Et;B as an initiator, to give the corresponding benzyloximines has been studied
(Scheme 31). The reaction was accelerated by the addition of BF3;,OFEt,.'*?
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Homolytic Substitution
Aromatic Substitution

The reactions of bromine and chlorine atoms (generated in aqueous solution) with
binuclear and trinuclear aza-arenes have been reported.'?® In addition to products
arising from substitution of a hydrogen atom by a halogen, oxidation products similar
to those found in reactions with hydroxyl radicals were also detected. The detection
of aryl radicals in several hydrodediazonization reactions has been observed when
iodoacetic acid was used as an aryl-radical trapping agent. All hydrodediazonizations
studied were found to proceed through radical intermediates irrespective of whether
they were initiated or not.'3*

Su2 and Related Reactions

Homolytic substitution reactions including homolytic allylation, radical [2,3]-
migrations and stereochemical reactions been reviewed. The review also highlights
the possible applications of homolytic substitution reactions.?’ Syi reactions at silicon
(by carbon-centred radicals in the «-position of stannylated silyl ethers) are efficient
UMCT reactions producing cyclized alkoxysilanes. Bimolecular reactions can also be
facilitated in good yield (Schemes 32 and 33).'%
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Reactivity Effects
Polarity and Philicity

Substituent effects for the regioselectivity of cyclization of vinyl radicals on to aro-
matic rings have been investigated and the nature of the polar effects suggests that
vinyl radicals have slight electrophilic character.!*® The cyclizations of a range of
fluorinated radicals have been studied. When the fluorine was substituted near to the
radical centre, great effects on both the rate and the regioselectivity of the process were
observed.* These effects were ascribed to both polar and pyrimidalization effects.
An assessment of the nucleophilicity and electrophilicity of radicals, and the polar
effects on radical addition reactions, have been determined using principal component
analysis (PCA)."*” The results indicated that the hydroxymethyl radical was strongly
nucleophilic, the methyl radical moderately nucleophilic, the ¢-butoxycarbonyl and
cyanomethyl radicals mildly nucleophilic, and the phenylsulfonyl and tosyl radicals
moderately electrophilic.

Stability of Radicals

The kinetics of hydrogen abstraction by the CF;COC(C;Fs), radical have been studied
by ESR with the degree of delocalization calculated using the MNDO/PM3 method.”?
All aspects of the solution structure, stability, and chemistry of carbon-centred fluorine-
containing free radicals have been discussed.'*8

Stereoselectivity in Radical Reactions
Stereoselectivity in Cyclization

Almost complete stereoselectivity was obtained in the cyclization of the constrained
1,3-dioxabicyclo[4.3.0]nonan-2-yl radical (41) (Scheme 34).'3° Locking the 1,3-
dioxolanyl unit into an envelope conformation was found to be important in controlling
such 5-exo cyclizations. Radical-chain cyclization of alkenyloxysilanes using thiols
has been studied.** The stereochemistry of these reactions was determined by steric
effects, even in the presence of chiral thiol catalysts. Cyclization of a range of acetals
proceeds to give cis isomers preferentially, indicating that cyclization takes place
via a chair-like transition state with the substituent alkoxy group in the pseudo-axial
position (Scheme 35).'4? This unusual stereochemical outcome was postulated to arise
due to the anomeric effect. The 5-exo oxygen-radical cyclization of (42) to (43) has
been reported. This gives rise to 2,3-trans-disubstituted THFs caused by high levels of
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1,2-induction in both steps (Scheme 36).141 The steric nature of R was investigated for
its effect upon the stereochemical outcome of the reaction. Transition states for both
cyclization (44) and reduction (45) were postulated to explain the stereoselectivity.

Stereoselectivity in Addition Reactions

High anti-asymmetric induction in the additions of the 1-hydroxy-1-methylethyl radi-
cal to (E)-y-hydroxy-a, B-unsaturated esters and sulfones (46) has been observed.'*?
Selectivity was greatest with bulkier R groups. In contrast, the Z-isomer led to
the syn-isomers exclusively. This is in contrast to recent work on the addition to
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(E)-(47) which gives syn-isomers as the major products. Observations based on X-ray
and NMR analysis and MNDO/PM3 calculations indicated that selectivity arises from
attack at the least-hindered side (opposite to the R group in the E-compounds) from
the conformation with the acetoxy group ‘inside’ the double bond. For the (Z)-alkenes,
the same was true but from a conformation with the acetoxy group located ‘outside’
the alkene.

The influence of the classical anomeric effect and quasi-anomeric effect on the
reactivity of various radicals has been probed.'** The isomer distribution for the deu-
teriation of radical (48) was found to be selective whereas allylation was non-selective
(Scheme 37). The results were explained by invoking a later transition state in the allyl-
ation, thus increasing the significance of thermodynamic control in the later reactions.
Radical addition to a range of «-(arylsulfonyl)enones has been reported to give unex-
pected Pummerer rearrangement products (49) (Scheme 38).!** A mechanism has been
postulated proceeding via the boron enolate followed by elimination of Et,BO™ anion.

The stereochemical outcome for addition of #-1,3-dioxolan-4-yl and oxiranyl radi-
cals to phenyl vinyl sulfone has been probed. The results indicated that the syn:anti
selectivity could be altered by changing the group next to the radical in the diox-
olanyl case but not in the oxiranyl case (bulky groups had a large syn-directing
effect) (Scheme 39).'* Several alkenyl-lactones and -lactams have been subjected
to hydrosilylation conditions using carbohydrate-derived thiols as homochiral polarity
reversal catalysts (yields 25-96%; ee 5-95%).'4¢

Stereoselectivity in Atom Transfer

A review on asymmetric induction in hydrogen-transfer and allylation reactions of a
range of chiral ester derivatives has highlighted both structural and electronic roles
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in controlling selectivity.!® Diastereoselectivity in D-atom and halogen-atom abstrac-
tion reactions mediated by 5-substituted 2-adamantyl radicals (50) was shown to be
dependent on the electronic character of the 5-substituent.'*” These observations are in
accord with both the Cieplak transition-state hyperconjugation model and also the pos-
sibility of an early reactant-like TS. The reductions of a range of «-bromo-g-alkoxy
esters under chelation-controlled conditions (using MgBr,.OEt, and Bu3SnH) have
been shown to give rise to syn products.'*® The effects of substituents at positions
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2 and 3, and the role of the ester substituents, were probed and it was found that
they had little effect on the stereochemical outcome (Scheme 40). Work by the same
authors has shown that the diastereoselectivity of hydrogen-atom transfer in the reac-
tions of acyclic free radicals can be enhanced using a strategy employing bifunctional
protecting groups (taking advantage of the ‘exocyclic effect’).!4’

Redox Reactions

Various transition metals have been used in redox processes. For example, tandem
sequences of cyclization have been initiated from malonate enolates by electron-
transfer-induced oxidation with ferricenium ion Cp,Fe™ (51) followed by cyclization
and either radical or cationic termination (Scheme 41).!°° Titanium, in the form of
Cp,TiPh, has been used to initiate reductive radical cyclizations to give y- and
8-cyano esters in a 5- or 6-exo manner, respectively (Scheme 42). The Ti(Ill) reagent
coordinates both to the C=0 and CN groups and cyclization proceeds irreversibly
without formation of iminyl radical intermediates.'>! The oxidation of benzylic and
allylic alcohols in a two-phase system in the presence of ¢-butyl hydroperoxide, a cop-
per catalyst, and a phase-transfer catalyst has been examined.'”> The reactions were
shown to proceed via a heterolytic mechanism; however, the oxidations of related
active methylene compounds (without the alcohol functionality) were determined to
be free-radical processes.
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Radical Ions
Anion Radicals

Analysis and calculation of features that govern nucleophilic reactivity in Sgn1 pro-
cesses have been studied, focusing upon the addition of anions to Ph". In this addition
step, electron transfer to give the radical anion is concerted with bond formation. The
extra electron is located in the 77* orbital of the aromatic group.'>

Cation Radicals

A review on the nitration of aromatics (using a range of species including *“NO, and
*NO3) has appeared.'? Evidence for electron-transfer mechanisms via radical cations
has been reviewed. In addition, another review comparing the reactivity of a range of
radicals and radical cations has appeared.!> While radicals prefer to add to the carbon
of CN triple bonds, radical cations were found to prefer addition at the N atom. Ab
initio calculations were performed to rationalize this behaviour.

The generation of radical cations by photo-induced SET processes has been
reviewed.!>* The reaction between a variety of aromatic compounds and some
common halogenating reagents (ICl, Cl,, Bry, I, NBS, and NCS) in 1,1,1,3,3,3-
hexafluoropropan-2-ol has been investigated using EPR.'> The results indicated that
the reactions followed an ET mechanism, where the initial step produces a mixture
of ArH** and the halide ion, which slowly react to give the observed halogenated
aromatics. The fluorinated solvent favours the mechanism by both increasing the
oxidative power of the halogen source as well as deactivating the nucleophile.

An SET photo-sensitization technique has been employed to generate and study the
decay of anilinium radicals derived by one-electron oxidation of «-anilinocarboxylates,
B-anilino alcohols and «-anilinosilanes. In particular, the effects of the electrofugal
group, reaction medium, and substituents upon the outcome of the reactions (desi-
lylation, decarboxylation, and retro-aldol cleavage) were studied.'>® Irradiation using
sunlight of a TiO,/MeCN suspension containing 4-methoxybenzyl(trimethyl)silane and
maleic anhydride generates a benzyl radical, formed initially from a radical cation
derived from the silane.'>’

Peroxides, Peroxyl, and Hydroxyl Radicals
Peroxides

The abstraction ability from cyclohexane of radicals derived from dialkyl peroxides has
been reported.'>® The experiments were performed with and without the trapping agent
MSD («-methylstyrene dimer), the abstracting species being alkoxy radicals derived
from the peroxides. However, some dehydro dimer yields indicated that abstraction
was also occurring by alkyl radicals.

The radical chemistry of z-butyl hydroperoxide in the oxidation of activated hydro-
carbons has been reported.'>®
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Peroxyl Radicals

A review of peroxyl radicals, including rate constants for their formation, solvent
effects, and other relevant information, has appeared.! In addition, other reviews
encompassing the recombination of peroxyl radicals,” their reactions in (a) the gas
phase,® (b) aqueous solution,* (c) mixed-solvent systems® and (d) organic solvents®
have appeared. Further reviews have dealt with the ESR spectra of peroxyl radicals,’
the atmospheric chemistry of peroxyl radicals,® the chemistry of heteroatom per-
oxyl radicals such as trioxyl, S-peroxyl and N-peroxyl radicals,” and the reactions of
hydroperoxyl radicals with organic and inorganic compounds in aqueous media.'®

H-abstractions by peroxyl radicals have been studied.”> Thus, the regioselectivity
of hydrogen-atom abstraction from a range of alkyl-substituted aromatics by the «, «-
dimethylbenzylperoxyl radical has been examined using MINDO/3 calculations.®” The
activation energies of intramolecular H-abstraction (1,5-translocation) by the oxygen
atom in peroxides have been studied theoretically using density-functional molecular-
orbital methods. The results were compared with experimental data and conclusions
drawn.'®® An early-transition-state model with charge transfer has been proposed for
the reaction of some C—H bonds with peroxyl radicals.'®' The rate constant for the
isomerization of (52) to (53) (an important reaction in atmospheric pollution and
low-temperature combustion processes) has been determined [463-523K; A(H) =
3.2 x 10571 E, = 16.9kcal mol ") (Scheme 43).!62

The reactivity of a range of alkenes in addition reactions of peroxyl radicals has been
reported.'®3 Parameters that described the relationship between the activation energy
and enthalpy were calculated. An activation energy of 82kJmol~' was determined
for the addition of alkylperoxy radicals to isolated C=C bonds, rising by 8.5 kJ mol~*
when the alkene was conjugated with an aromatic substituent.

The process of oxidative DNA cleavage has been modelled through irradiation of
the compound (54). Hence, in the presence of O,, H,O, and photolyzing conditions,
(54) gave uracil, lactone (55), and starting material in a 0.15:0.15:1 ratio.!**
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Hydroxyl Radical

The role of *OH in ozone chemistry continues to be an important area of research.
Thus, one of the first pathways in the production of ozone by hydrocarbons in the
troposphere is their reaction with *OH. This reaction has been studied theoretically
with a range of simple alkanes, and activation energies were found to increase as one
goes from tertiary to secondary to primary hydrocarbons.'® The competing role of
orbital overlap and energy difference on the delocalization energy of the transition
state for the reactions of the hydroxyl radical with ethane, propane, and cyclopropane
has been examined by both experimental and theoretical analysis.'®® In other studies
on the reactivity of *‘OH with various functional groups, the absolute rate constants
for the reaction of *OH with acetone, butan-2-one, and three other ketones have been
measured using pulsed-laser photolysis-induced fluorescence at 243—-372 K.'¢7 Using
relative-rate methods, the rate constants for the reaction between "“OH and a range of
methyl esters,'%® dibasic esters,'%° and alcohols'”” (hexan-1-ol, 1-methoxypropan-2-ol,
butan-1-ol, 2-butoxyethanol, pentan-1-ol, ethane-1,2-diol, and propane-1,2-diol) have
been measured. The tropospheric lifetimes were then estimated and the mechanisms of
the reactions discussed in light of the current understanding of atmospheric oxygenated
chemistry.!”!

The oxidative degradations of binuclear azaarenes (quinoline, isoquinoline, and
benzodrazines) by hydroxyl and sulfate radicals'’?> and halogen radicals'3* have been
studied under both photochemical and dark-reaction conditions. A shift from oxida-
tion of the benzene moiety to the pyridine moiety was observed in the quinoline
and isoquinoline systems upon changing the reaction from the dark to photochemical
conditions. The results were interpreted using frontier-orbital calculations. The reac-
tion of "OH with the dye 3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydro-(1,8)(2H,5H)-
acridinedione has been studied, and the transient absorption bands assigned in neutral
solution.!”® The redox potential (and also the pK, of the transient species) was deter-
mined. Hydroxyl radicals have been found to react with thioanisole via both electron
transfer to give radical cations (73%) and OH-adduct formation (23%). The bimolec-
ular rate constant was determined (3.5 x 10° Imol~! s~1).174

The reaction of *OH with HFCs has attracted interest. The temperature dependence
of the fast initial H* abstraction by HO" in HFCs has been calculated using ab initio
methods.!” Rate constants calculated using HF and MP2(G—-31G(d)) were found to
be substantially greater than those determined experimentally. In other work investi-
gating reactions of *OH with HFCs, rate constants for its reactions with HFC-245¢cb
(MeCF,CF;) and other fluoroalkenes have been determined.!”®

Pulsed radiolysis in NO-saturated aqueous solution at a variety of wavelengths
has been used to generate hydroxyl radicals and measure the rate of addition to 1,4-
benzoquinones. Mechanistically, the kinetic data indicated that the first-formed adduct
undergoes a rapid keto—enol tautomerism to give (56).'7

In biological chemistry, the reaction of the glycine anion H,NCH,CO,~ with HO*
has been investigated by pulse radiolysis. The major pathway was found to be loss of
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(0] o
H OH
OH ——=
H
(6] OH
(56)
SCHEME 44

CO, via initial *OH-induced oxidation to both H,N**CH,CO,~ and HNCHZCOz_ in

63

and 37% yields, respectively. The fragmentation of the radical cation to CO, and

*CH,NH, was found to be fairly fast (<100ns).'’®
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Structure and Stability
Carbon-centred Radicals

The Whiffen effect in EPR spectroscopy and the relevant aspects of the H—C and
M—C (M = metal) hyperconjugation in radicals and spin-paired molecules has been
reviewed.! A paper on the resonance structures of benzoid conjugated radicals has
been published. The number of resonance structures (SC) in radical benzoid hydro-
carbons is larger than the numbers of resonance structures in Kekuléan (closed-shell)
benzoid hydrocarbons. Analytical expressions for the SC of benzoid radicals have been
derived.> Enthalpies of formation of 20 cyclic and conjugated hydrocarbon radicals
were calculated.? Proton and electron affinities were calculated for a series of aliphatic
and alicyclic carbanions and radicals using MP2/6-31 and B3LYP methods. Struc-
tural and electronic factors that control anion and radical stabilization were examined
by natural bond orbital analysis. Structural analyses of several systems showed the
importance of C—H and C—C hyperconjugation effects in both radicals and anions.
No correlations between the % s-character of ionizing C—H bonds and proton affin-
ity existed.* The mechanisms of decomposition of primary arsines and dialkyl R,E,
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where E = S, Se, Te, as precursors for metal organic vapour-phase epitaxy has been
reviewed.’

A CAS-MCSCF and CCSD(T) theoretical study on the mesolytic dissociations
of methyl- and silyl-cyclopropenyl radical cations and anions has shown that the
radical cations dissociate into ¢-C3H3* and XH3® (X = C, Si). The radical anions
fragment into ¢-C3Hsz® and XH;~ (X =C, Si).6 The cleavage reactions of but-1-ene
and 4,4-dimethyl pent-1-ene molecules and their cations to form neutral and charged
hydrocarbon products were investigated using Hartree—Fock/density-functional the-
ory. For the radicals studied, the isotropic coupling constants are reported and are
comparable to experimental data. It was found that the experimental hyperfine prop-
erties of the but-1-ene cation could be explained by rotational averaging caused by
the flat potential surface for the rotation about the C(2)—C(3) bond.’

AD initio MO and B3LYP hybrid Hartree—Fock/density-functional (HF/DF) calcu-
lations of benzene and toluene nitrosation confirm that nitrosation proceeds through
initial formation of intermediate electron-acceptor m-complexes.® Transformation of
(benzene—NO)* and (toluene—NO)* 7-complexes into N-protonated nitroso deriva-
tives in B3LYP and MP?2 calculations occur by a novel migratory insertion of nitrogen
into the aromatic C—H bond. The IMOMO (integrated MO + MO) method has been
used to calculate single-bond dissociation energies for the C—H bond of benzene,
the C—F bond of fluorobenzene, the C—CH;3; bond of toluene, the Si—H bond of
phenylsilane, the O—H bond of n-propanol, isopropanol, n-butanol and ¢-butanol,
the C—S bond of PhCH,-SCH,, and the O—O bond of SFsO—OSF;.° The PM3
method has been used to study the ‘breakage mechanism’ of N—NO; and the ‘cleav-
age mechanism’ of C-NO, for the decomposition of o-nitroazidobenzene.!? Ab initio
calculations on the gas-phase decomposition of nitroethylene have revealed that the
first stage involved the formation of a four-membered cyclic intermediate, the decom-
position of which to H,CO and HCNO proceeds via a biradical intermediate.!! A
coupled-cluster analysis of the electronic states of 4-aminobenzonitrile and 4-(N,N-
dimethylamino)benzonitrile has been reported.!?

Polarity reversal catalysis by tri-z-butoxysilanethiol has been applied to promote
radical-chain epimerization selectively at carbon centres of the type R'R?C*HOR."3

B3LYP and post-HF computations performed on a-substituted carbocations CH3EHR,
(R = H, CH;3, CH=CH,, C=CH, F, and Cl) revealed that the substituents stabilize the
cations compared with R = H in the order CH=CH, > CH, > C=CH > Cl > F."*
The interactions of acetone with liquid sulfuric acid solutions have been described. '
A theoretical analysis of the reaction of H with C,Hs has shown three barrierless
pathways, two leading to association and one for abstraction.'® Similarly, the reaction
H + CH,CO — CHj3 + CO has been studied at high temperatures and pressures.!” An
ESR study of the radical species formed by pyrrole reaction with cyanoacetylene in
the system KOH-DMSO was carried out.'® The effect of bridgehead substituents on
the stability of 1-norbornyl radical (2) generated by electrochemical reduction of a
series 4-X-substituted bicyclo[2.2.1]heptan-1-yl bromides and iodides (1) (X = H, F,
Cl, Br, I, SnMes) has been investigated by cyclic voltammetry.!® The variations in
the peak reduction can be translated to values for the weakening of the C—Br and
C—I bond dissociation energies upon replacement of X = H by all the substituents
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X, using dissociative electron-transfer theory. A through-space stabilizing interaction
(homohyperconjugation) in the 4-X-substituted bicyclo[2.2.1]heptane radical species
has been shown to exist.

The reactions of sodium dimethyl and diisopropyl phosphite with 4-nitrobenzyl
chloride, 9-chlorofluorene, and diphenylchloromethane provided information that sup-
ported the proposed reaction mechanism. The R,PO™ anion acts towards an arylmethyl
chloride as a base and abstracts a proton to form a carbanion, which can then participate
in single-electron transfer processes to produce carbon-centred radicals.?”

The 2-glycyl radical H,NCHCO,H has been generated by collisional neutralization

of the stable 2-glycyl cation (HgNEHCOgH) and is stable on the microsecond time-
scale.?! Losses of CO, water, and an amine hydrogen were calculated to be the lowest
energy dissociations by combined density-functional theory and ab initio calculations.
The authors concluded that depletion of the glycyl radicals in biological systems most
likely occur via a bimolecular reaction.

A samarium(Il) iodide-mediated cascade sequence, that leads to a highly stereose-
lective dimerization, has been reported. This sequence begins with an Sml,-mediated
formation of a ketyl radical and leads to an alkyl radical which appears to be par-
tially protected from further reduction to the organosamarium by ligation to the ketyl
oxygen-bound samarium. This radical instead undergoes dimerization (6) and reduc-
tion to a smaller extent (7).22 The cyclization of the initially formed ketyl radical may
proceed via a chair-like transition state to give the intermediate radical as a single
diastereoisomer which then cyclizes to give the alkyl radical.

w-lodo-aldehydes (8) or -ketones in the presence of triethylborane as a radical initia-
tor and in the presence of oxygen or light as terminator undergo 5-exo-trig cyclization
to give (9).2 In these conditions a 5-exo-trig cyclization on an aldehyde is faster than
on an alkene. The high reactivity of carbonyl derivatives may be attributed to the
Lewis acidity of triethylborane.

The kinetics of the reaction of 2’-deoxyuridin-1’-yl radicals (11) with thiols, with
superoxide release from the peroxyl radical (13) generated, have been reported.’*
Radical (11) is produced by photolysis of precursor (10). When the radical is produced
in the presence of thiols, (12) is formed. Second-order kinetics were found for the
reactions with thiols. Peroxyl radical (13) is formed in the presence of oxygen. This
undergoes heterolytic fragmentation to the superoxide anion O,* and cation (14),
which ultimately leads to 2-deoxyribonolactone (15).
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A kinetic and mechanistic study of the reaction between toluidine blue (TB) and
sulfite has shown a first-order dependence on both reactants, a stoichiometric ratio of
1:1 and pH dependence.” The reactive species are TB* and SO3%~ ions and Cu(Il)
acted as a promoter by facilitating the formation of a ternary complex with TB™ and
SO32_.

Miscellaneous Radicals

The spin-density distribution in carbon-based peroxyl radicals was studied by density-
functional theory at the B3LYP level. Electronegative substitution at the carbon «
to the peroxyl group results in an increase of terminal hyperfine coupling and spin-
density shortening of the C—O bond and lengthening of the O—O bond. In cases
of steric hindrance, the C—O bond-shortening was prevented. Thiyl peroxyl radicals
were reinvestigated and it was confirmed that the addition of an electron-pair donor
(hydroxide) to CH3SOO" alters the spin-density contribution in the peroxyl group.?

The reaction of HO® radical with a number of dialkyl sulfides was reported to be
affected by the pH, the nature of the functional group, and the chain length.?” The pres-
ence of the CH,CH,OH group results in the formation of «-thio radicals and dimer
radical cation in neutral and acidic conditions. In the case of the CH,CH,CH,OH
group, an intramolecular radical cation, with p-orbital overlap between oxidized
sulfur and O, is observed that forms a five-membered ring. The reaction with 2,2’-
thiodiethanoyl chloride leads to the formation of «-thio radicals in neutral conditions
and in acidic conditions an intramolecular cation forms a four-membered ring between
the oxidized sulfur and chlorine. The hydroxyl radical-induced decomposition of 2'-
deoxycytidine has been reported and the products were identified.?® An explanation of
the decomposition mechanism was provided. The Bell-Evans—Polanyi principle and
CASSCF wavefunctions were used to locate transition structures for the unimolecular
decomposition of methyldioxirane into MeCH(O*), and of MeCH(O*), into AcOH,
HCO,Ac, and CO, + CH4.? Semiempirical UHF/PM3 calculations examined three
possible mechanisms for the diphenylcarbonyl oxide (Ph,COO) bimolecular decay.*
The ‘head-to-tail’ interaction of two Ph,COO molecules has been found to be the
most favourable pathway.

A report considers the reactions of 1-butoxy and 1-pentoxy radicals with oxygen
(eqs 1 and 2) and of their isomerizations by 1,5-H-shift (eqs 3 and 4) using direct
and time-resolved monitoring of the formation of NO, and HO radicals in the laser
flash-initiated oxidation of 1-butyl and 1-pentyl radicals.?!

CH;CH,CH,CH,0 + 0, —— CH3CH,CH,CHO + HO, )
CH;CH,CH,0 + 0, — CH3CH,CHO + HO, )
CH;CH,CH,CH,0 ——> CH,CH,CH,CHOH 3)
CH;CH,CH,CH,0 ——> CH;CHCH,CHOH @)

Their rate coefficients were determined and showed that the primary alkoxy radicals
have slightly higher rate coefficients for the reaction with O, than the secondary
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radicals and the isomerizations abstracting H atoms from CH, group are faster than
those which abstract the H-atom from a methyl group.

Highly stable 4-(benzimidazol-2-yl)-2,6-di-¢-butylphenoxyl radicals have been syn-
thesized. Their hydrogen-bonding functionality offers prospects for use in molecular
magnetic materials.*?

p-Chlorophenyl derivatives of N-alkoxy-4-arylthiazolethiones (16) were selected
for precursors of oxygen-centred radicals after a study of their physical and chemical
properties. Thiazolethiones (17) efficiently liberate free alkoxy radicals (18) upon
irradiation or heating in the presence of Bu3SnH as a radical trap. These reactive
intermediates (18) undergo intramolecular cyclization by selective 5-exo-trig or 6-
endo-trig pathways to the olefinic bonds to afford tetrahydrofurans or tetrahydropyrans
as the major products in good yields.*?
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The thermochemistry of sulfur radicals in the gas phase has been reviewed.**
Methylsulfonyl radicals and cations have been produced by femtosecond collisional
electron transfer in the gas phase.> When formed by vertical collisional electron
transfer from cation CH3SO,*, radical CH3SO,* dissociates to CH3* and SO,. Rad-
ical CH30SO" exists as a mixture of syn (19a) and anti (19b) isomers which are
stable when formed by collisional electron transfer to the corresponding cation. Dis-
sociation of both isomers of CH30SO® formed CH3* and SO, via isomerization to
methylsulfonyl radical. An ab initio study on the formation of the thiyl peroxyl
radical has also been reported.*® Julolidylthiyl radicals (20) were formed by femto-
second photo-dissociation of the corresponding disulfide and have been observed
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with pumb/supercontinuum probe spectroscopy.?’ Two forms of the radical were dis-
tinguished by their kinetics and by their spectra. Semiempirical calculations predict
a radical doublet state D, optically dark, close to bright and a more polar ground
state Dy.

) \\O Me \O/ S\\O S N

(19a) (19b) (20)

Tin hydrides containing one or two pyridyl groups have shown selective reactivity
towards organic iodides, bromides, and chlorides. Those containing one pyridyl group
smoothly reduce primary alkyl bromides but were completely inactive towards primary
and secondary alkyl or aromatic chlorides. Tin hydrides with two pyridyl groups
reduced iodides easily, bromides much more slowly, and were unreactive towards
organic chlorides. This selective reactivity has been attributed to the intramolecular
coordination of the tin to the pyridyl group.

Stable thioaminyl radicals have been studied by ESR, X-ray crystallography and
magnetic resonance.* Cationic aminyl radicals produced from N-chloroalkenylamines
(21) by using Lewis acids (CuCl:CuCl,, FeCl,:FeCl;, and TiCl;:TiCly) underwent
intramolecular cyclization to give pyrrolidines in excellent diastereoselectivity (depend-
ing on the type of N-substituent and Lewis acid).*’

. o E/Cl Cl
-~ ) ]
_ . R N\j , N
Bu' un’ un’
(21

A free-radical mechanism has been suggested for the nitrosation of 1,2-
phenylenediamine (22) by peroxynitrite PN/CO,.*' 1,2,3-Benzotriazole (26) was
formed as a result of an intramolecular nucleophilic displacement on the diazo
hydroxide (25) by the neighbouring amine group. The authors suggest that the
mechanism involves an initial H-atom abstraction or one-electron oxidation from (22)
by CO3*, followed by the reaction of the product (23) with NO*. The inhibitory effects
of azide support a free-radical mechanism of the reaction.
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A study of the Hel photoelectron spectroscopy (PES) on the electronic structure
of the (CH3),N radical, which was produced through the pyrolysis of (CH3),NNO,
has been reported. The PES bands were assigned using density functional theory
calculations based on the Amsterdam density function program.*? A triphenylamine
triradical containing three N-#-butyl-/N-oxylamino radical groups in the para position
has been found to contain a doublet ground state, as shown by ESR and magnetic
susceptibility measurements.** This was supported by MO calculations. The structure,
conformational behaviour, and magnetic properties of the oxoverdazyl radical (27)
and of the biradical obtained by joining two identical units have been investigated
by hybrid HF/DFT electronic method.** A non-planar structure is predicted for the
biradical in vacuo and in solution and a planar conformation in the solid state which
is ascribed to the packing effect.

The 3-picolyl and 2,5-lutidyl radicals were isolated and studied by mass-resolved
and fluorescence excitation. The 3-picolyl radical has a much shorter D1 life (9 ns)
compared with that of 2,5-lutidyl radical (245 ns). The addition of a CHj group to
the picolyl radical to form lutidyl suggests that the presence of the CHj3 group alters
or eliminates a non-radiative pathway in the picolyl radical. Ab initio calculations
suggest that ring expansion through a seven-membered radical ring could account for
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the missing 2- and 4-picolyl radicals and lutidyl counterparts if the D1 lifetimes for
the excited-state species are short.*>

A paper has reported that nitrogen-centred radicals (29) have been generated by
one-electron reduction (at carbon or metal electrodes) of stable nitrenium ions of
the general structure (28). The reactivity of the radicals is influenced by the sub-
stituents attached to the two nitrogen atoms that are directly linked to the ion nitrenium
centre.*

R2 R?
3 / 3 /
R N R N,
I N S LN
RN RN
R! R!
(28) (29)

Quinolin-8-ols (31) and 1,2,3,4-tetrahydroquinolin-8-ols (32) were synthesized from
2-(3-hydroxyphenyl)ethyl ketone o-2,4-dinitrophenyloximes (30).* Treatment with
NaH and then DDQ and acetic acid afforded quinolin-8-ols (31). When the reac-
tion was carried out in the presence of Na[BH3(CN)], 1,2,3,4-tetrahydroquinolin-8-ols
(32) were obtained. The cyclization proceeds via alkylideneaminyl radical interme-
diates generated by single electron transfer between the 3-hydroxyphenyl and 2,4-
dinitrophenyl moieties to generate an anion radical intermediate (33). The nitro-
gen—oxygen bond of the oxime cleaves to provide an alkylideneaminyl radical (34).
Intramolecular coupling of biradical (34) gave (31) after isomerization. The magnetic
properties of terpyridine-like ligands bearing appended nitronyl nitroxide or imino
nitroxide radicals have been studied.** An EPR study of the behaviour of stable S-
phosphorylated cyclic aminoxyl radicals in the presence of SDS micelles has been
reported.*® The radicals, except in the case of strongly hydrophilic radicals, were
found to exchange between water and micelles. Their partition coefficients were eval-
uated from computer stimulations of the EPR spectra. N--Butylhydroxylamine reacted
with an acceptor alkene, substituted by at least one conjugatively electron-withdrawing
group, in the presence of 1-BuNO as an oxidant to give aminoxyls identical with those
formed in the thermal or photochemical reaction between the alkene and «-phenyl
N-t-butyl nitrone (Scheme 1).%

|
+e” N
R! R> + BuNHOH — = ‘0~ \H\w

R! and R? = electron-withdrawing groups

SCHEME 1
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1,2-Organolithium additions to 2-phenyl-3,3-dimethyl-3 H-indole (37), followed by
oxidation of indolines (38) with m-chloroperoxybenzoic acid, gave indolinic aminoxyls
(39) in 20-30% yield.’' The organolithium addition does not occur when groups other
than phenyl are present at C(2). Attempts to synthesize suitable precursors such as
1,2-dihydro-2-phenyl-2-alkylbenzothiazole, 1,2-dihydro-2-phenyl-2-alkylbenzoxazole,
and 1,2-dihydro-2-phenyl-2-alkyl-4 H-3,1-benzoxazin-4-one for other new aminoxyls
failed.

A report was concerned with the ability of nitroxyl radicals, such as TEMPO and
other related structures, to act as catalysts in the asymmetric oxidation of alcohols.
Cyclic voltammetry was used to measure the oxidation potentials of the nitroxyl
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radicals and provided information on the stability of the N-oxo ammonium salts. Those
with the lowest redox potentials and with half-lives greater than a few minutes were
the best catalysts.”? Aryl(heteroaryl)ethynylphenyl-2-imidazoline nitronyl nitroxyl (40)
radical and imino nitroxyl (41) radicals have been synthesized. The g tensor and HFI
components for imidazoline-1-oxyl were found to depend on the properties of the
substituents at the 2-position.>?

NaN02 R—=— 74
AcOH CHCl3 N
/
‘0
(40) 41)

Nitroxides and Spin Trapping

In situ radiolysis time-resolved ESR was used to measure the reaction rate con-
stants of the nitrone spin trap 5,5-dimethyl-1-pyrrolidine—N-oxide (DMPO) with a
number of small alkyl and o parent radicals in dilute aqueous solution. Electron-
releasing «-hydroxyalkyl radicals reacted more rapidly than the unsubstituted radicals
while the electron-withdrawing carboxymethyl radical was slower. o-Radicals such
as sulfite anion and carboxyl anion were trapped rapidly. Polar effects and steric con-
siderations only weakly influence spin adduct formation. The reaction rates of alkyl
and hydroxyalkyl radicals with DMPO are similar whether electron-withdrawing or
electron-releasing substituents are present. The measured trapping rate constants with
DMPO are slower than the corresponding rates with a nitroso spin trap MNR. This
is due to the weakly nucleophilic character of DMPO, the strongly electrophilic char-
acter of MNP and the unfavourable steric factors in the DMPO-radical encounter
complex.” The formation of the hydroxy radical spin adduct, HO—-DMPO*, has
been studied by EPR spectroscopy under conditions where the hydroxy radical is
not involved. One method was the photo-sensitized oxidation of DMPO to its rad-
ical cation followed by reaction with water using quinines as sensitizers. A second
method involved nucleophilic addition of water to DMPO followed by reaction of the
intermediate hydroxylamine by mild oxidants such as quinones and Fe(III). The obser-
vation of HO-DMPO* was dependent on the acidity of the medium and decreased
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by increasing acidity. Use of buffered neutral or slightly alkaline solutions or ethyl
acetate increased the formation of the adduct.>

A series of 2 H-imidazole-1-oxides, isoquinoline- N -oxides and pyrrolidine- N -oxides
were investigated as to their specificity and efficiency at spin trapping HO® and O, *
as well as the stability of the corresponding spin-trapped adducts.’® 2,2-Dimethyl-4-
methoxycarbonyl-2 H-imidazole (42) has been found to be the most selective of the
spin traps investigated for the in vivo, in situ detection of HO® at the expense of O,°.

The reaction of two 4-R-triazolinediones (43) (RTAD; R = Me and Ph) with DMPO
was investigated by UV —visible, FT-IR, 'H and '*C NMR and EPR spectroscopy.’’
The reaction sequence involved the spin-adduct formation via a modified version of
the Forrester—Hepburn mechanism and the rate-determining step was the oxidation
of the spin adduct by RTAD, leading to the final product (44). An ESR spin-trapping
study of the decomposition of sodium trioxodinitrate (Angeli’s salt) in the presence
of 5,5'-dimethyl-1’-pyrrolidine N-oxide (DMPO) suggest that its hydrolysis is asso-
ciated with the generation of OH radicals.”® The hydrolysis of AS in the presence of
either ethanol or DMSO produces 1-hydroxyethyl and methyl radicals which add to
DMPO to give ESR spectra of the DMPO/hydroxyethyl and DMPO/Me"* nitroxides.
It is anticipated that NO™ generated by the decomposition of AS dimerizes to cis-
hyponitrous acid which is unstable and decomposes via an azo-type homolytic fission
(Scheme 2).

MeO’%_\ N//< Itl/ //<
I\ N—R

I - / N
I N-R ‘9 |
N_ _N-g \\< HN\\<
S 0 >
(42) (43) (44)
—NO;” -H* NO™ .
HN,0; HNO =—= NO- HO-N=N—OH — N, + 2HO

+NO,~ +H*

SCHEME 2

1-Methyl-2-substituted-5-pyrrolylcarbonyl fluorinated nitroxides, generated by the
H-abstraction/spin-trapping reaction of 1-methyl-2-substituted-pyrrole-5-carbalde-
hydes with the H-abstracting agent [Rf(NO*)Rf] and the spin trapping agent RfNO,
were studied by EPR.> The ay values (hyperfine splitting constants) were affected
by the polar effect of the 2-substituent and the spin-delocalization effect also existed
(Scheme 3).
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The radical cations of diathazadithafulvalenes DDTF (47) trap primary carbon rad-
icals and afford isolable products.®® These products feature cleavage of the DDTF
ring system. Their radical cations couple more slowly with secondary carbon radicals
allowing a second cyclization affording the final radical (44). This primary radical
reacts with the radical cation of DDTF to afford (45), which after cleavage of the ring
gives formamide (46).



166 Organic Reaction Mechanisms 1998

The copolymerization of styrene and maleic anhydride was studied by the spin-
trapping technique using 2-methyl-2-nitrosopropane as a spin trap. Four types of ESR
spectra were obtained, of which three corresponded to trapping of the growing polymer
chain at a centre originating from the styrene part or from two centres originating
from the maleic anhydride part. The fourth EPR spectrum may be due to a cyclic
five-membered aminoxyl or a six-membered 1,2-oxazine radical cation.%!

Oxidation and Reduction

Perturbation theory was utilized to predetermine the regioselectivity of free-radical
benzylic and allyl oxidation reactions of unconjugated 7 -systems.%?

The chemistry of radical cations generated via cerium(IV) ammonium nitrate (CAN)
oxidation of cyclopropylarenes and their potential as ion probes have been investi-
gated. Oxidation of cyclopropylbenzene and 1- and 2-cyclopropylnaphthalenes leads to
cyclopropane ring-opened products whereas 9-cyclopropylanthracene yields a radical
cation that does not undergo cyclopropane ring opening. The results suggest that the
cyclopropylarene radicals cannot be utilized as single-electron transfer probes because
the cyclopropane ring opening does not occur at an appreciable rate.%*> Radical cations
of 2-alkyl-5-t-butyl-1,4-dimethoxybenzene (48; 2-alkyl = Me, Et, i-Pr, and PhCH,)
were generated in one-electron oxidation of their parent compounds by pentafluoroben-
zoyl peroxide or cerium(IV) sulfate.* These radical cations were shown to collapse
through two competitive pathways i.e deprotonation and de-z-butylation. The depro-
tonation was confirmed by EPR observation of the corresponding benzyl radicals.
The relative importance of the two pathways is greatly dependent on the structure
of the alkyl substituents, the nature of solvents, and the reaction temperature. For
deprotonation, the reactivity order is found to be Me > PHCH, > Et > i-Pr.

Small changes in the solvent or in the conditions of oxidation can lead to changes in
the electronic and molecular structure of aryldiazo radical cations, from a linear allylic
7- to a bent o-radical state.®® Both states have been observed in the radical cations of
diphenyldiazomethane (49) and 5-diazo-10,11-dihydro-5 H -dibenzo[a,d]cycloheptene

OMe N,
Foule
OMe (49)
(48)

(52)
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(50) whereas only the 7-radical state could be formed in the radical cation of 9-diazo-
9,10-dihydro-10,10-dimethylanthracene (51) in which the two phenyl rings are forced
into a position coplanar with the (C;,s,)»—CN, plane. Quantum-chemical calculations
have shown that observed small energy differences between the - and o-radical states
of aryldiazo radical cations are due to solvent and/or counterion effects (see above).

The oxidation of 3,6-dehydrohomoadamantane (52) with NO*BF,~, photo-excited
tetracyanobenzene, and under anodic conditions has been found to involve a common
radical cation intermediate. The study has shown that the activation of propellane
oc—c bonds with strong oxidizing electrophiles occurs by a sequence of single-electron
transfer steps. These findings are supported by ab initio computations showing that
the isomeric radical cations can equilibrate with low barriers and lead to a common
product.®

Chiral 2-imidazoline dianions undergo one-electron oxidation in the presence of
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) to form a radical anion that is either
trapped stereoselectively by TEMPO or undergoes dimerization.%” Oxidation of bis-
diazene oxides leads to novel O-stabilized 4N/3e radical cations and 4N/2e dications.
These were detected by ESR spectroscopy and cyclic voltammetry. B3LYR/6-31G
calculations confirmed the nature of the 4N/3e and 4N/2e systems.®

The oxidation of isopropylidenequadricyclane (53) with the electron-transfer cata-
lyst tris(p-tolyl)aminium hexafluoroantimonate, TTA™*SbFs~ (54), gave the bicyclo-
heptatriene (55). Epoxidation of the isopropylidene group (56) changes the reactivity of
the quadricyclane and oxidation with TTA+*SbF4~ produces the norbornadiene (57).%
A histidine radical cation and a histidine peroxy radical were formed by oxidation of
histidine with the Ti**/H,O, Fenton system. Isotropic hyperfine coupling constants
of B-protons and three ring protons and two nitrogen nuclei have been determined.”®
The radical anion of acepentalene (58) was generated by photo-oxidation of the ace-
pentalene dianion.”! The spin population appears to be evenly distributed over the

TTA* SbF¢~ (54)

R R R
R g 4 R
(53) (55)
0
0
(54) R R
7
R R R R R

(56) (57)
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nine-membered perimeter due to a rapid interconversion between two bowl-shaped
C, forms and a relative low-lying planar Cy, transition structure.

N
o0

Oxidation of benzyl alcohol catalysed by chloroperoxidase exhibits a very high
prochiral selectivity involving only the cleavage of the pro-S C—H bond.”?> The reac-
tion mechanism involved the transfer of a hydrogen atom to the ferryl oxygen of
the iron-oxo complex. An «-hydroxy-carbon radical and the iron-hydroxy complex
P—Fe!V—OH form. They may lead to the hydrated benzaldehyde or stepwise with the
formation of the intermediate «-hydroxy cation.

Hantzsch 1,4-dihydropyridines were oxidized quantitatively to give the correspond-
ing pyridine derivatives by irradiation in CCly. A photo-induced electron-transfer
mechanism is involved. The critical step in this mechanism is the fast dechlorination
of CCly (Scheme 4).3

In the photochemical one-electron oxidation of aromatic sulfides, dimer radical
cations were formed in rapid equilibrium with monomeric radical cation (59). The
complex formation of o - and m-types has been shown to be sensitive to the steric and
electronic influence of substituent. For the case of p-(methylthio)anisole the formation
of -type dimer was shown to be reduced due to steric hindrance of two methyl groups.
No formation of dimer radical cation was observed for p-(methoxy)thioanisole and
diphenyl disulfide where the corresponding monomer radical cations are stabilized by
the delocalization of positive charge on the sulfur atom. Density-functional calculations
supported the experimental results. The intramolecular formation of similar radical
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ion w and o complexes for the 1,n-bis(phenylthio)alkanes with » =3 and 4 was
reported.”

Br-atom initiated oxidation of dimethyl sulfide (DMS) in a large-volume reaction
chamber gave SO,, CH3SBr, and DMSO.”> A rapid addition of Br atoms to DMS
takes place, forming an adduct that mainly reforms reactants but also decomposes
unimolecularly to form CH3SBr and CHj; radicals. DMSO is formed from the reaction
of BrO radicals with DMS. The reaction CH30;, + Br — CH30 + BrO is postulated
as the source of BrO radicals.

The HO-initiated oxidation of isoprene®? and propene in the presence of nitrogen
oxides has been the subject of two reports. Oxidation of isoprene in the presence of
NO and O, and regeneration of the OH radicals by the reaction of isoprene-based per-
oxy radicals with NO, were measured and compared with simulations of the kinetics
of this system.”® CH,0 and CH3CHO were produced from the oxidation of propene.’’
Reaction of the S-hydroxypropylperoxy radicals with NO leads to the formation of
chemically activated B-hydroxypropoxy radicals which, according to theoretical calcu-
lations, decompose to CH,O and CH3CHO. The most stable conformations of the oxy
radicals are found to contain intramolecular hydrogen bonds. Similarly, the hydroxyl
radical oxidations of the azo dyes methyl orange (60) and calmagite (61) were found
to be extremely fast with second-order rate constants. Methyl orange reacted with
the hydroxyl radical by one-electron reduction at the nitrogen centre forming the
anilino cation radical. Hydroxyl radicals reacted with calmagite by addition to the
benzene ring producing hydroxycyclohexadienyl radicals, which rapidly decomposed
to phenoxyl-type radicals by water elimination.”®

HO
\
/N N=N SO;Na N=N SO;Na

(60)

(61)

A one-electron oxidation study of quercetin (see structure below) and quercetin
derivatives (rutin) by DPBH, CAN, or dioxygen in protic and aprotic solvents has
shown that quercetin radicals quickly disproportionate to generate quercetin and
produce a quinone.”” This quinone adds water molecules and is then degraded.
Oligomerization might be a minor route in media of low water content. Oxidation
of quercetin—serum albumin complex retarded water to the quercetin quinone. The
role of the quercetin 3-OH was established as follows: (1) allows the formation of
p-quinonoid compounds, quickly converted into solvent adducts which still react with
one-electron oxidants, and (2) in its deprotonated form stabilizes radicals, allowing
autoxidation to proceed under mild conditions.
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OH O

quercetin

The photo-oxidation of the aryl-substituted cycloheptatrienes 7-(p-methoxy-
phenyl)cycloheptatriene and 7-, 1- and 3-(p-dimethylaminophenyl)cycloheptatrienes
to the corresponding radical cations in de-aerated acetonitrile solution was
accomplished by electron transfer to the electronically excited acceptors
9,10-dicyanoanthracene, N-methylquinolinium perchlorate, N-methylacridinium
perchlorate and 1,1’-dimethyl-4,4-bipyridinium dichloride.? In the case of 7-(p-
methoxyphenyl)cycloheptatriene (62), deprotonation of the radical cation occurs
successfully, compared with back electron transfer, to give a cycloheptatrienyl
radical (63) which undergoes a self-reaction forming a bitropyl. If the photo-
oxidation is done in air-saturated acetonitrile solution containing HBF, and one of
the acceptors, the tropylium cation is formed. Back electron transfer dominates in the
p-dimethylaminocycloheptatrienes and the formation of the cycloheptatrienyl radical
is prevented.

OMe OMe OMe

(62) (63)

Photo-oxidation of 1,1-dialkyl-2-arylhydrazines by single-electron transfer with
trimethylsilyl cyanide (TMSCN) as cyanide ion source leads to regio- and stereo-
selective a-hydrazino nitriles.! This stereoselective cyanation of hydrazines takes
place on the more substituted carbon atom compared with the results obtained with
tertiary amines (Scheme 5).

The reductive dehalogenation of polyfluoroarenes by zinc in aqueous ammonia gave
products derived from the removal of one or two halogen atoms.®? A radical anion
is suggested to form initially by direct electron transfer from the zinc to substrate
which then fragments. Cgy undergoes single-electron reduction by the electron-rich,
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sterically hindered Crystal Violet radical (64) leading to a carbocation—carbanion salt
(64)* (Cgp)" which is stable in solution and in the solid state.®3

First-order kinetics have been found for the reductions of pinacolone by borane-
dimethyl sulfide in THF, which proceeds via a monoalkoxyborane complex.?* In
contrast, the kinetics were second order for the reduction with catecholborane and the
reactive species was found to be a catecholborane dimer present in small concentra-
tions.

The reduction of several phosphaallenes has attracted a lot of attention. Bis(2,4,6-
tri-z-butylphenyl)-1,3-diphoshaallene (65) was electrochemically reduced in THF to
give diphosphaallyl radical (67), which would originate through protonation of the
radical anion (66) immediately after its formation. The radical (67) was identified
by EPR spectroscopy and was supported by DFT calculations.®> Monophosphaallene
ArP=C=C(C¢Hs), (Ar = 2,4,6-t-Bu3CcH,) underwent irreversible reduction to the

neutral monophosphaallylic radical Ar-P-CH=CPh, as shown by EPR. Comparison
of the hyperfine tensors with those obtained from ab initio calculations for the rad-

ical anion (HP=C=CH,)* and the monophosphaallylic radical (Hf’—CH=CH2) <~
(HP=CH—-CH),) indicate that the species observed by EPR is the monophosphaallylic
radical Ar—P—CH=CPh,.% The radical anion of p-phosphaquinone was successfully

H

[aP=c=pPAr]” — |

ArP” Y PAr
(65) (66) (67)

ArP=C=PAr
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generated in situ by reduction with Na in THF (Scheme 6). Comparison of the isotropic
and anisotropic coupling constants of the radical anion with those of the phosphorus
atoms suggest that about 2% and 64% of the unpaired electron are localized on the
3s and 3p orbitals of phosphorus, respectively.®’

Bu’ Bu!
Q—Bu’ Bu’ QBU’ Bu’
Na/THF
Bu’ P= 0 Bu’ P Q (on
Bu! Bu’

SCHEME 6

The reductive cleavage of iodobenzene and 3-methyliodobenzene was studied by
cyclic voltammetry in both DMF and acetonitrile at 21 and 56 °C at different scan rates
and has shown that there is a transition between stepwise and concerted mechanisms
at lower scan rates. 1-Iodonaphthalene undergoes a stepwise reductive cleavage with
mixed kinetic control by electron transfer and follow-up bond breaking, whatever the
scan rate.’®

The kinetics of hydride and organometallic additions to benzaldehyde-H and -D
were determined at —78 °C using a variety of hydride reagents, Grignard reagents and
organolithiums.%’ The additions of hydride, methyl-Grignard reagents, and methyl- and
phenyl-lithiums showed an inverse deuterium kinetic isotope effect. Little effect was
observed was observed with phenyl-Grignard and n-butyl- and ¢ —butyl-lithium. Allyl-
Grignard and allyllithium showed a normal secondary deuterium effect. The results
showed that the rate-determining single-electron transfer occurs with allyl reagents
but direct nucleophilic reaction occurs with all other reagents. The extent of bond
formation is dependent on the reactivity of the reagent.

Electron-transfer Reactions
Photo-induced Electron Transfers

Photo-induced electron-transfer decarboxylation reactions have been reviewed.”® A
variety of methyl- and methoxy-substituted phenol radical cations have been generated
by either photo-induced electron transfer or photo-ionization in dry solvents such
as acetonitrile.”! In the presence of small amounts of water the radical cations are
not detected and the phenoxyl radical is the only transient species observed. The
2-methoxyphenol radical cation was found to be more reactive than the 4-methoxy
radical cation.

The reactivity and m-facial selectivity of CH30OH and H,O additions to the radical
cations of 7-benzhydrylidenenorbornene derivatives (68), generated by photo-induced
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electron transfer, were investigated. It was found that, amongst the m—m interac-
tions in the radical cations of 7-benzhydrylidenenorbornene derivatives, the interaction
between the 7-benzhydrylidene group and the endo alkene induces efficient nucle-
ophilic capture of a radical cation at the benzhydrylidene group with the anti selectivity
at the endo alkene.”

RO ,CH(Ph),

7/

(68)

The electron-transfer-induced cyclization of homochrysanthemol proceeds via a
five-membered transition state, from intramolecular substitution at the quaternary
cyclopropane carbon, to generate the five-membered cyclic ethers (69) and (70).%}
In contrast, the intramolecular photo-induced cyclization of chrysanthemol goes via a
six—membered transition state involving attack at the terminal vinyl carbon.

(69) (70)

Photo-induced electron-transfer radical-cation Diels—Alder reactions of indole
with aromatic or heteroaromatic substituted exocyclic dienes using tris(4-
methoxyphenyl)pyrylium tetrafluoroborate as a catalyst proceed with complete
regioselectivity to form [b]-annelated tetrahydrocarbazoles (Scheme 7). The regio- and
diastereo-selectivities were rationalized using potential energy surface calculations.
The mechanism and the potential energy hypersurface of the radical-cation
Diels—Alder reaction was investigated using quantum chemical methods. The
potential surface demonstrates non-synchronous and non-concerted reaction pathways.
The energies of the different long-bond intermediates have been calculated with
semiempirical molecular and density-functional methods.**

A photo-induced electron transfer (from either the sensitizer in its excited state to the
oxadiazole in its ground state or from the electron-donor reagent such as triethylamine
to the excited oxadiazole) has been suggested as an explanation for the breaking of
the O—N bond of 5-aryl-3-methoxy-(or 5-aryl-3-phenyl-)-1,2,4-oxadiazoles (71) upon
irradiation.”> The resulting oxadiazole radical anion underwent either a heterocycliza-
tion to give quinazolin-4-ones or reduction to give open-chain products.
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Other Electron Transfers

The kinetic isotope effect in the one-electron transfer from 1-benzyl-1,4-
dihydronicotinamide to 9-fluorenylidenemalononitrile was studied and the rate
constants of the reactions were calculated.”® The electron affinities (EA) for a
series of methyl benzoates, acetophenones, benzaldehydes, and benzophenones were
determined by applying the electron-transfer equilibrium method in the gas phase.”’
The substituent effect on the stability of aromatic radical anions has been analysed.

ESR, IR and Raman spectroscopic studies on the '“N/'N and '2C/'3C equilib-
rium isotope effects on the electron-transfer reaction between N-methylphenothiazine
and the radical cation of its "’N- and/or N-'>C-methyl-substituted analogues have
been reported.”® N and '3C substitution of methylphenothiazine increases the ion-
ization potential of the molecule, making it difficult to lose an electron to form the
corresponding radical cation.
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Evidence of a single transfer process from the nucleophile to the aromatic sub-
strate has been found for the nucleophilic aromatic substitution (SyAr) reaction of
different polynitrobenzenes with nucleophiles such as alkoxides, thiolates, and ter-
tiary amines.”” The two radical species that are generated within the solvent cage
have been detected by EPR spectroscopy. Ab initio calculations have been performed
in the investigation of the electron transfer reaction between biphenyl radical anion
and neutral biphenyl.!® Aromatic compounds substituted with an electron-donating
group, such as methoxy, hydroxy, or amino, were regioselectively iodinated with
iodine in the presence of tetrabutylammonium peroxodisulfate in CH3CN via an
electron-transfer mechanism.!! The p-positions of methoxybenzenes and phenols
were exclusively iodinated whereas o-iodination only occurred when the p-position
was blocked.

Chlorides RMe,CCH,Cl1 [(a) R = Me, R = Ph and (b) R = CH,Ph] reacted with
diphenylphosphide ions in liquid ammonia, via a proposed Sgx1 mechanism and their
reactivities were measured. The higher reactivity of (a) has been attributed to efficient
intramolecular electron transfer from the phenyl ring to the C—Cl ¢* bond (intra-ET
catalysis). The lower reactivity of (b) is ascribed to a decrease in the rate of the intra-
ET by elongation of the bridge by one methylene unit. The relative reactivity of (a)
versus (b) is proposed to indicate the ratio of the intra-ET rates of the radical anions
of both compounds. '

Chloride dioxide (ClO,) forms red charge-transfer complexes with piperidine and
imidazoline nitroxyl radicals that slowly transform into oxoammonium salts.'%?

The aminium salt-induced cyclodimerization of stilbenes in 1,1,1,3,3,3-
hexafluoropropanol gave mixtures of indane and tetrahydronapthalenes. The solvent
effects are consistent with an electron-transfer mechanism via a radical cation.!®

The Patterno—Buchi coupling of various stilbenes (S) with chloroanil (Q) to yield
trans-oxetanes is achieved by the specific charge-transfer photo-activation of the
electron donor—acceptor complexes (SQ). Time-resolved spectroscopy revealed the
(singlet) ion—radical pair[S™, Q*] to be the primary reaction intermediate and estab-
lished the electron-transfer pathway for this Patterno—Biichi transformation. Carbonyl
quinone activation leads to the same oxetane products with identical isomer ratios.
Thus, an analogous mechanism is applied which includes an initial transfer quenching
of the photo-activated (triplet) quinone acceptor by the stilbene donors resulting in
triplet ion—radical pairs.'®

The electron-transfer reactions between the p-cyclodextrin (B8-CD) N-
substituted phenothiazine derivatives and §-CD.ATPO (4-acetoxy-2,2,6,6-tetramethyl-
1-oxopiperidinium hexachloroantimonate) were found to be influenced by the
conformations of the phenothiazine derivatives restricted by the B-CD cavity. N-
Phenylphenothiazine (PPT) and N-phenylethylphenothiazine (PEPT), included by
B-CD, can transfer an electron to the B-CD.ATP complex. No electron transfer
was observed between the §-CD.N-benzylphenothiazine (8-CD.BPT) complex under
the same conditions. The conformation of the §-CD.BPT complex is such that the
oxidation centre was shielded by the 8-CD wall and the substituent. However, electron-
transfer reactions between y-CD.BPT and 8-CD.ATP and nitric acid occurred.'%
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Copper iodide acts as an efficient reagent for the nucleophilic displacement of 1-
haloalkynes. It transforms 1-bromoalkynes (72) into 1-iodoalkynes (73) which, on
further treatment with copper(Il) bis(arenesulfinate), are converted into the corre-
sponding alkynyl aryl sulfones (74).!%7 An electron transfer between 1-haloalkynes
and copper(]) salts is believed to take place for the copper-assisted halogen-exchange
reaction at the acetylenic carbon atom.

_ _ (ArSOz)ZCu _
R—C=C—Br MeCN R—C=C—1 THF. 1t R—C=C—S0Ar

(72) 40°C (73) (74)

Substituent effects on the electron-transfer processes between pyrrolidinofullerenes
and tetrakis(dimethylamino)ethylene (TDAE) were studied in both the ground state
and excited triplet state.!”® Equilibrium constants and rate constants for forward and
backward electron-transfer processes in the ground state, in addition to rate constants
of the forward electron transfer in the excited triplet state were measured.

An inner-sphere electron reduction has been proposed as a possible mechanism
for the Fe(Il)-induced decomposition of 1,2,4-trioxolanes (ozonides) (75) and (76).'%
Benzoic acid was found to be the major product. The nucleophilic Fe(I) species attack
the ozonide from the less hindered side of the electrophilic O—O o * orbital to generate
exclusively the Fe(Ill) oxy-complexed radical (inner-sphere electron transfer). After
selective scission of the C—C bond, the resulting carbon-centred radical produced the
observed product. The substituent effect determine the regioselective generation of
one of the two possible Fe(Ill)-complexed oxy radicals. The bond scission shown will
occur if R? is bulkier than R!.

The mechanism of the Gibbs reaction has been investigated.!'” It has been con-
cluded that N-chloroimine radical anion (80), generated in a single-electron transfer
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from the anion of phenol (78) to N-chloroimine (77), can produce indophenol dye
(79) in three distinct routes. For more reactive reagents/substrates, a fast combination
of the radical pair in the solvent cage is involved. For less reactive reagents, the N-
chloroimine radical anion (80) escapes the solvent cage to initiate a chain reaction.
The mechanism of the chain reactions has been termed Sgn2. In the case where the
anion of (80) is less active, a competitive reaction along a third route can proceed in
which the haloimine radical anion (80) yields a benzoquinone imine (81) by elimi-
nation of halide and the abstraction of an H-atom from the medium. Compound (81)
could also give indophenol.
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Radical Cations

A review considering the generation and characterization of radical ions, their reac-
tions, formation of species with three-electron bonds, and radical cations of strained
systems has been published.!'! The redox and acidity properties of a number of sub-
stituted benzene radical cations were studied by pulse radiolysis.'!?
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Radical cations of toluene, p-, o-, and m-xylene and their deuteriated analogues,
generated in CFCl; and CF;CCl; matrices by X-irradiation, have been investigated by
ESR and high-resolution ENDOR spectroscopy.''* The ESR and ENDOR spectra are
dominated by large axially symmetric hyperfine splitting due to methyl group protons.
The hyperfine coupling constants of methyl and ring protons for toluene and p-xylene
were accurately measured by ENDOR spectroscopy. Theoretical calculations of the
isotropic and dipolar hyperfine coupling constants were in agreement with experiment.
From spin-density calculations, the methyl-substituted benzenes were classified in two
groups: toluene and p-xylene are of the szg and o- and m-xylene are of the 2B, <
type. The hybrid density-functional method B3LYP and the cc-pVDZ basis set have
demonstrated that the naphthalene radical cation isomerizes to azulene radical cation
via the Dewar—Becker mechanism at energies lower than its dissociation limit for
acetylene elimination. The hydrogen-shifted naphthalene isomer is a proper interme-
diate whereas the norcadiene isomer of the Dewar—Becker mechanism was found to
be a transition structure in the ionic system.!!*

Ab initio calculations have been used to determine the parameters that govern the
rate of spin-forbidden interconversion of the triplet and singlet states of a series of
p-X-substituted aryl cations (X = H, CN, CHj3, F, OH, NH,). The cations, where
X =H, CN, CH; and F, were found to be ground-state singlets; X = NH, has a
triplet ground state and the OH derivatives were almost isoenergetic. The minimum-
energy crossing points between the two surfaces were found to lie very little above
the higher of the minima in all cases and spin—orbit coupling was significant at these
points. Therefore, it is expected that aryl cations will rapidly convert into their most
stable spin states, and in the case of near degeneracy, such as for p-HOCgH,™, the
states may interconvert rapidly enough to be accessible in thermal reactions.'"

The regio- and diastereo-selectivities in the rearrangement or strained cyclopentane-
1,3-diyl radical cations, generated by electron transfer, and the mechanism of this
novel 1,2-migration have been reviewed.!'® A different theoretical study of the 1,2-
rearrangement of housane radical cations suggested that the ground-state potential-
energy surface of the housane radical cations is centred around a conical intersection
at a planar, symmetric cyclopentane-1,3-diyl symmetry.'!'” The computations show
that the reaction proceeds in two steps: breakage of the one-electron bond of the
reactants, which produces the asymmetric, quasi-planar intermediate, and subsequent
1,2-rearrangement, which is essentially barrierless. The reaction results in the selective
1,2-migration of the original endo substituent of the reactant.

A number of papers have reported studies on pyrimidine radical cations. 1-
Methylthymine radical cations generated via a triplet-sensitized electron transfer
to anthraquinone-2,6-disulfonic acid were detected by Fourier transform electron
paramagnetic resonance (FTEPR). The parent 1-methylthymine radical cation, and its
transformation to the N(3)-deprotonated radical cation, were observed. Radical cations
formed by addition of HO™ and PO3;~ at C(6) were also detected depending on the
pH."'® Similarly, pyrimidine radical cations deprotonated at N(1) and C(5)-OH were
detected from the reaction of SO;* with various methylated pyrimidines.''® These
radicals are derived from the initial SO, adducts of the pyrimidines. Radical cations
of methylated uracils and thymines, generated by electron transfer to parent ions of
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solvents such as n-butyl chloride and acetone, have also been detected. They show a
transient tautomerism and exist in n-butyl chloride in the lactam and in acetone in the
lactim form.'? A kinetic study of the proton-transfer reactions between methylarene
radical cations (82) and (83) and pyrimidine bases implicated a mechanism in which
a complex is first formed that then undergoes proton transfer, followed by separation
of the product.'?!

2,7-Diaminonapthalene radical dications (84) and (85) were prepared by oxidation of
the equivalent amines.'?? Oxidation with thianthrenium perchlorate yielded ESR-active
solutions. The ESR studies and effective magnetic moment measurements suggest a
triplet ground state for (84°%) whereas (85>%) has a possible singlet ground state
in CDCI; at 30K. The thianthrene cation radical perchlorate (Th™ClO,~) adds to

(82) (83)
MeO N N
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cyclostomes to give the monadic 1,2-(5,10-thianthrenium-diyl)cyclostomes. Addition
of Th**ClO4~ to cyclopentene and cycloheptene gave mixtures of mono- and bis-
adducts, the monoadduct to a small extent for the former (17%) and a large extent
(50%) for the latter.'?

The tricyclopropylamine radical cation has been generated by y-irradiation of
cyclopropylamine in a mobile CF,CICFCl, matrix and was studied by EPR.!** A
planar geometry at the nitrogen atom has been revealed. The minimum-energy geom-
etry has a C3, symmetry with the three cyclopropyl groups in the bisected orien-
tation. The geometries of the radical cations of cyclopropyldiisopropylamine, di-z-
butylcyclopropylamine, dicyclopropylisopropylamine, and tricyclopropylamine were
examined by ESR spectroscopy. All the radical cations were shown to be planar.
Amines that have cyclopropyl substituents assume a perpendicular conformation in
the neutral amines and a bisected orientation in the corresponding radical cations.'?

Exposure of dilute solutions of triethylamine—boron hydride (Me;N-BH3) in Freon
(CFCl3) to ionizing radiation gave a radical cation whose EPR spectrum was that of
the radical cation (Me3;N—BH3 ™). Electron loss from B—H bonds is clearly favoured
over loss from the N—B bond.'?® The gas-phase reactions of the methylamine radical
cation with mono- and di-haloethenes occur by substitution of one halogen substituent
and by formal hydride abstraction yielding the ion (H,CNH,)" and a halogenated ethyl
radical as products.'?” High-level ab initio calculations were carried out to establish the
minimum-energy path of the reaction of methylamine radical cation and chloroethene
along both reaction channels. EPR spectra have been obtained for the radical cations of
a series of fluorinated ethylenes and propenes that were generated by irradiation with
y-rays in solid halocarbon matrices.'?® The spectra consist of a hyperfine structure with
a nearly axial symmetry due to fluorine nuclei. The trifluoroalkene cations CF,=CFX*
(X =H, CHj3) have a planar structure. For the mono- and di-fluoroalkene radical
cations the optimized geometry was calculated by an ab initio MO method. The
results show that fluorinated ethene and propene cations have planar structures.

Ab initio molecular-orbital calculation on the isomerization of [C3HsN]™ radical
cation reveal that acetonitrile-N-methyl [CH;—CN—CH,]™* and N-methylketenimine
[CH;—NC—CH,] " are the most stable species among the 15 isomers considered.'?’
The study revealed that the two isomers constituted distinct species in the gas phase
and that isomerization takes place prior to dissociation during high-energy CID
experiments. Methoxy isothiocyanate (CH;ON=C=S)** and methyl cyanate N -sulfite
(CH30CN™ —S7) radical cations, derived from dissociative ionization of heterocyclic
precursors, have been fully characterized by mass spectrometric methods in the gas
phase.'?0

The effects of temperature on the shape of intervalence charge-transfer bands for
the radical cations of bis(2-t-butyl-2,3-diazabicyclo[2.2.2]oct-3-yl)hydrazines that are
bridged by 2,5-xylene-1,4-diyl, durene-1,4-diyl, naphthalene-1,4-diyl, biphenyl-4,4-
diyl and 9,9-dimethylfluorene-2,7-diyl aromatic rings were studied by ESR.'3!

The X-ray crystal structure of the hexafluoroantimonate salt of 1,4-diithin radical
cation stabilized by bicyclo[2.2.2]octane annelation revealed a planar ring and was in
agreement with theoretical calculations.!? Tertiary aminium radical cations underwent
facile 5-exo-cyclization to give distonic 2-substituted pyrrolidinium radical cations.'3
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These can be further oxidized to 1,3-dications and trapped by nucleophiles such as
water, alcohols, or chloride ion.

The metastable dimethoxyethane radical cation [CH;0CH,CH,OCH;]™* eliminates
methanol to give a [C3HgO]** fragment.'** The reaction involves a sequence of 1,4-H

shift, leading finally to the radical cation [CH36(H)CH2CHOCH3], which eliminates
methanol to give [CH,CHOCH;]*".

The radical cation of 2,5-dimethylhexa-2,4-diene was generated and some of the
Raman spectrum bands were assigned using theoretical methods such as UHF,
CASSCF, UBLYP and UB3LYP procedures. A small amount of the less stable gauche
conformer of the radical cation was identified and its bands assigned.'3> Ab initio
calculations on the isomerization of butene and pentene radical cations indicate that
the lowest barrier for a rearrangement to the most stable ion structure is below the
dissociation limit.!*® The linear butene radical cation isomerizes to the isobutene via
the (CH3CC,Hs) ™ structure, whereas in the pentene case the isomerizations proceeds
via the 1,2-dimethycyclopropane radical cation.

The gaseous dichlorocarbene radical cation reacted with alkyl halides via a fast
electrophilic addition to form a covalently bonded intermediate (Cl,C—X—R)™ in
a Fourier transform ion cyclotron resonance mass spectrometer.'3’ This intermedi-
ate fragments either homolytically or heterolytically to produce net halogen atom or
halogen ion transfer product. Addition of carbonyls to the carbene ion is followed by
homolytic cleavage of the C—O bond to yield a new carbene radical cation.

The solvent effects on the ring opening of the cyclobutene radical cation by imple-
mentation of the polarizable continuum model have been studied.'*® The authors
concluded that the reaction leads directly to trams-butadiene radical cation via a
cyclopropenyl-carbinyl type of radical cation, in contrast to expectations of a normal
‘electrocyclic’ pathway leading to cis-butadiene radical cation. MO and DFT calcu-
lations on the 2 + 2-cycloreversion reaction of the cyclobutane radical cation have
revealed three distinct but energetically similar structures for the radical cation: a par-
allelogram that corresponds to the minimum, on the Jahn—Teller surface, a rhombus,
corresponding to a transition structure connecting two parallelograms, and a rectangle
that is a second-order saddle point. The reaction was shown to proceed in a concerted
fashion, and is not consistent with a putative acyclic intermediate, but the two ethyl-
ene fragments are brought relative to each other. The transition structure connects the
product complex to the parallelogram structure of the cyclobutane radical cation.'?

Reaction pathways for the addition of ethylene to butadiene radical
cation involving H-shifts have been investigated at the coupled cluster
UCCSD(T)/DZP//UMP2(fc)/DZP + ZPE level of theory.'# Several rearrangement
reactions have been found to occur below the energy limit of separated ethylene
and butadiene radical cation. The cyclopentenyl cation (CsH7)™ in the gas phase may
originate from various pathways.

The Diels—Alder reaction of either m- or p-substituted aryl cis-prop-1-enyl ethers
(87) with 2,3-dimethylbutadiene (88) catalysed by tris(2,4-dibromophenyl)aminium
hexachloroantimonate (86™) at 0°C are non-stereospecific and occur via an
indirect Diels—Alder reaction.'*! When the reaction is carried out at —78°C, the
vinylcyclobutane adducts are observed and these are efficiently converted into the
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Diels—alder adducts at 0°C. This cation radical-vinylcyclobutane rearrangement
is non-stereospecific, thus accounting for the formation of a cis—trans mixture of
Diels—Alder adducts. Kinetic studies revealed (Scheme 8) that the ionization of
these ethers involves an inner-sphere electron-transfer mechanism involving strong
covalent (electrophilic) attachment to the substrate via oxygen (oxonium ion) or carbon
(carbocation).

Me
I (86+.
Me
Ar -78°C
(88) 87)
0°C \ (86™°)
Me s : Me
ArO Me
+ +
ArO—CH=CHMe ArOCH—CH—Me
Br Br
ArOCH=CHMe + (86"°) — ‘ or ’
Br Br
NAr 2 NAI'2
oxonium ion carbocation

SCHEME 8

The cation radical Diels—Alder cycloadditions of cis- and trans-prop-1-
enyl aryl ethers to cyclopenta-1,3-diene catalysed by tris(4-bromophenyl)aminium
hexachloroantimonate are stepwise processes involving an intermediate distonic
cation radical in which the carbocationic site is stabilized by the electron-donating
functionality (Scheme 9).'%?

A cation radical chain cycloaddition—polymerization catalysed by tris(4-
bromophenyl)aminium hexachloroantimonate has been reported to afford polymers
with an average molecular weight up to 150000. Both cyclobutanation and
Diels—Alder polymers were obtained.'** The reactivity of the phospine radical cation
towards nucleophiles was studied. Tributylphosphine reacted with 1,1-dimethyl-4,4-
bipyridinium (methyl viologen, MV) in the presence of an alcohol or thiol (RXH;
X = 0, S), which resulted in the gradual formation of the one-electron reduced form
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SCHEME 9

of the MV (Scheme 10). Tributylphosphine was oxidized to the tributylphospine oxide.
The increase in the amount of the MV™, which was followed spectrophotochemically
and with tributylphosphine and RXH in excess, did not follow first-order kinetics.
A single-electron transfer takes place from tributylphosphine to MV, to generate
tributylphospine radical cation and MV™. The resulting phosphine radical cation
undergoes ionic reaction with RXH and back electron transfer from MV™T with
comparable efficiency. The kinetic data show that the reaction of the tributylphosphine
radical cation with nucleophile RXH is governed by both electronic and steric
factors. 44
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Transformations of the radical cations of 2,3- and 2,5-dihydrofuran (DHF), radi-
olytically generated in Freon matrices, were investigated by low-temperature EPR.
The 2,3-DHF** radical cation is stable at 77 K but at higher temperatures is trans-
formed into dihydrofuryl radical, DHF". The oxygen-centred radical cation 2,5-DHF**
is unstable at 77 K and transforms via an intramolecular H-shift into a transient distonic
radical cation 2,4-DHF** which at higher temperatures yields the DHF* radical.'*

Radical Anions

EPR was used for the determination of equilibrium constants K; for

Q+QH, ——Q° + Q" +2H"
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from a steady-state concentration of semiquinones (Q°) in mixtures of 11 alkyl-,
methoxy-, and chloro-substituted 1,4-benzoquinones and 1,4-naphthaquinone (Q) and
hydroquinones (QH,).'4¢

Rate constants Ky for proton transfer from a series of substituted phenols to
anthracene and phenanthrene radical anions formed in DMF have been measured
by the voltammetric method. The homolytic bond dissociation energy D for ArH® —
Ar + H* was evaluated and the values were in agreement with experiment.'*’ Cyclic
voltammetry and EPR spectroscopy have shown that the stability of the anion radicals
of dialkylbenzene-1,3-dicarboxylates, dialkyl pyridine-2,6-dicarboxylates, and their
corresponding dithio-S, S—diesters is due to a reversible dimerization mechanism.
The EPS data confirmed the existence of relatively stable anion radicals formed from
one-electron reduction of the diesters, the simple spectra of which suggested that the
radicals responsible were the primary anions.'*® The solvent-induced intramolecu-
lar electron-exchange (IEE) reaction within the conjugated 1,4-dinitrobenzene radical
anion has been studied in linear alcohols.'*® The rate constants were determined from
alternating line-broadening effects in EPR spectra and were found to be smaller than
the rate constants for the 1,3-dinitrobenzene radical anion due to the conjugation of the
nitro groups. A semiempirical AM1 study of the fragmentation of the radical anions of
0-, m-, and p-halonitrobenzenes and some alkyl-substituted derivatives in relation to
their o —7 orbital isomerism and the energy of their interconversion was reported.'>

The solvent effects on the C—Cl bond cleavage in the aromatic radical anions of
9-chloroanthracene, 3-nitrobenzyl chloride, and 3-chloroacetophenone were described
by applying the Savéant model.!>! The results showed that the bond dissociation
energy is not strongly solvent dependent.

An EPR and AM1 molecular modelling study of the structure of the radical anion
of B-ionone (89) was carried out to investigate the structure and magnetic properties
of one-electron transfer reactions of carotenoids. The temperature dependence of the
EPR spectrum of the radical anion helped to reassign the coupling constant of 16 G
from the 7-H to the 4-H proton in the axial orientation. The previous assignment
failed to account for the rate of the cyclohexene ring inversion. The EPR showed that
the coupling for the 7-H proton is approximately 9.5 G. The rate of cyclohexene ring
inversion in the radical anion was estimated.'

89)

The stability of radical anions of disulfides [RS—SR]* and their ease of dissociation
into thiolate anions and thiyl radical were studied as a function of pH with alkyl
substituents of different structures:!>?

RS® +RS™ = [RS—SR]"
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The radical anion stability increased when protonated amino groups were present and
rose with their proximity to the S—S group. The presence of electron-donating methyl
groups on the a-carbon caused a small reduction in stability. Ionized CO,~ groups on
the B-carbon reduced the stability significantly. In the absence of protonated amino
groups, the strength of the (S—S)~ bond increased with the electron-withdrawing
ability of the groups attached to S atoms.

A series of alkoxycyclooctatetraene radical anions was synthesized by lithium reduc-
tion of the corresponding ethers in hexamethylphosphoramide. The radical anions of
n-propoxycyclooctatetraene and ibuprofoxycyclooctatetraene exhibit a small splitting
for the y-proton on the sp3-hybridized carbon connected to the oxygen atom. The
EPR pattern is consistent with a homohyperconjugative interaction involving overlap
of the o-bond to the y-hydrogen and the 7 -system of the conjugated cyclooctatetraene
ring. 1>

The EPR spectra of electrolytically produced anion radicals of a-aminoanthraquin-
ones were measured in DMF and DMSO. The isotropic hyperfine coupling constants
were assigned by comparison with the EPS spectra of dihydroxy-substituted
antraquinones and molecular-orbital calculations.'>® Isomerically pure phenylcarbene
anion (PhCH™) has been generated in the gas phase by dissociative electron ionization
of phenyldiazirine.'”® PhCH" has strong base and nucleophilic character. It abstracts
an S atom from CS,~ and OCS, an N atom from N,O, and an H atom from
(CHj3),NH, propene, and (CH3),S. Nucleophilic displacement of Cl~ from CH;Cl
occurs at a 41% collision rate. It also exchanges both the carbene hydrogen and a
hydrogen in the phenyl ring upon reaction with ND3 and D,O. The rate constants
for the H-atom abstraction reactions of the dichloride radical anion (Cl,*) with
oxygenated hydrocarbons, ethanol, methanol, propanol, formaldehyde, diethyl ether,
tetrahydrofuran, and acetone in dilute aqueous solutions were determined by the laser
flash photolysis—long-path laser absorption technique.'>’

Comparison of the standard potentials of the radical anion of three «-nitrocumenes
(a-nitrocumene, p-cyano-c¢-nitrocumene and p-nitro-o-nitrocumene) revealed that the
nitroallyl portion occurs in (90a) and (90b), while in (90c) the electron is added to
the nitrophenyl group. It was concluded that homolytic cleavage takes place for the
radical anions of (90a) and (90b) to give nitrite and the cumyl radical whereas the
cleavage of radical anion (90c) is heterolytic.'>®

The radical anions of various phenyldiphosphaalkenes (Scheme 11) were stud-
ied by EPR."® Their reduction is easier than that of monophosphaalkenes and is
dependent on the nature of the isomer. Both EPR spectra and DFT calculations
showed that in the radical anion the unpaired electron belongs to a m* orbital
and that its delocalization is dependent on the relative position of the two phos-
phaalkene moieties and on the nature of the bridging group. The spin density on
the phosphaalkene carbon is higher for the meta compound than for the ortho and
para compounds.

Radical anions of acyclic vicinal oligo-ketones with up to five CO units, generated
by reduction of the parent compounds with potassium in the presence of Kryptofix
222, were shown to be extended 7-systems by ESR measurements. '
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The kinetics of the rearrangement of radical anions derived from aliphatic cyclo-
propyl ketones (91) have been studied by homogeneous redox catalysis and compared
with the neutral radicals. For radical anions (92), rearrangement is actually faster than
that of the free radicals.'®' Placement of a phenyl group on the a-carbon of either a
neutral radical or radical anion retards the rate of rearrangement because of delocal-
ization of spin. For the radical ion the delocalization of charge is also important. In the
ring-opened form (93), the negative charge no longer enjoys the stabilization afforded
by the aromatic ring and the radical anion rearrangement is three orders of magnitude
slower than that of the neutral radicals. In summary, the delocalization of spin affects
the rates of rearrangement, and for radical anions charge plays an important role.

(0] o~
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Biradicals

The matrix isolation and spectroscopic characterization of m- and p-benzynes and
their derivatives have been reported.'®> Fourier transform ion cyclotron resonance
mass spectrometry has been employed to investigate the reactivity of m-benzyne
biradical with a pyridinium charge site in the 5-position.'®> The chemical prop-
erties of m-benzyne in the gas phase differ from those of the monoradical and
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o-benzyne. m-Benzyne undergoes radical and addition reactions characteristic of o-
benzyne but is less reactive. This reduced reactivity is rationalized by the strong
coupling of the unpaired electrons, which results in a reduced thermodynamic force
and increased barrier for radical reactions. The greater distance between the reac-
tive centres in m-benzyne hinders alkyne-type addition reactions characteristic of
o-benzyne.

Aromatic diradicals have attracted a lot of interest since the discovery that 1,4-
diradicals are likely to be the key intermediates in the biological action of the enediyne
group of anti-tumour antibiotics. A series of heteroaromatic arylazo esters with dif-
ferent numbers of ring nitrogens adjacent to the azo ester have been synthesized and
their methanolysis in chloroform has been studied by EPR spectroscopy in order to
investigate whether radical intermediates play an essential role in DNA cleavage.'%*
Evidence from EPR spectroscopy shows that radicals are formed by methanolysis of
the monoazo esters (Scheme 12). Methanolysis of 1,4-bisazo esters has also been stud-
ied in an effort to generate a diradical similar to that produced by enediynes. No EPR
signal was observed. A diradical has been proposed as an intermediate (Scheme 13).
These diradicals have been shown to be unstable and undergo retro-Bergman cycliza-
tion to form nitriles. The decomposition product 1,2-dicyanobenzene was isolated in
25% yield and is consistent with a diradical intermediate.
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The behaviour of triplet acyl—diphenylmethyl biradicals O=C"—(CH,),_,—C'Ph,,
generated from the Norrish type-I reaction of 2,2-diphenylcycloalkanones (CK), with
various ring sizes, n =6, 7, 9, 11, 12, 13, was the subject of a study. For 2,2-
diphenylcycloalkanones where n = 6 and 7 an intramolecular disproportionation takes
place giving rise to a diphenylalkenal (94). The primary products in the photolysis
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of (CK), (n > 9) are the para-coupling products of biradicals, 4-methylenecyclohexa-
2,5-denienyl ketone (P),, which are converted thermally into (PC),, (for n = 11-13)
or photolysed to give decarbonylation products upon prolonged irradiation (PH),_;.'%
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The Myers—Saito cycloaromatization of enynallenes has been proposed to consist
of two parallel mechanisms, one involving a biradical and the other with dipol-
ar character.'® The competitive trapping experiments with cyclohexa-1,4-diene and
cyclopentadiene are incompatible with a single-intermediate mechanism and suggest
that there two parallel pathways for the cycloaromatization of (95). One pathway
involves a biradical (96) but the nature of the intermediate is uncertain. MCSCF cal-
culations suggest that a cyclic allene (98) is the more likely intermediate. Attempts
to trap this cyclic allene with dienes, such as cyclopentadiene, butadiene, and cyclo-
hexadiene, did not give the Diels—Alder cycloadduct. A reaction of one molecule of
(95) with two molecules of diene was observed. The obvious mechanism involves
the sequential reaction of the biradical intermediate with two equivalents of diene to
close the macrocycle. It is possible, though, that a Diels—Alder reaction occurred but
the bond homolysis in the cycloadduct could lead to the diradical (99) that reacted
with a second molecule of cyclopentadiene. The zwitterions could be the second inter-
mediate. The solvent effects on the product ratio in more non-polar reaction media
support a more polar intermediate but the calculated energies indicate that (97) would
not be energetically competitive with the biradical (96). The authors concluded that
the cyclic allene is the most likely second intermediate.
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Several trimethylenemethane-type (TMM) dinitroxide diradicals have been prepared
that differ in #-butylaminoxylphenyl ring-torsion angles by virtue of different steric
demands of their ‘spin-protecting groups.’'®” A TMM-type dinitroxide (100) having a
planar w-system was synthesized. EPR spectral characterization revealed that neither
N- nor H-hfcc varied. This indicated that there is no apparent relationship between
N- or H-hfccs and conformation. All the biradicals, apart from one, exhibited lin-
ear Curie plots that are consistent with both triplet ground states and singlet—triplet
degeneracies.
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(100)

4,6-Bis(trifluoromethyl)-N,N’-di-t-butyl-1,3-phenylenebis(aminoxyl) biradical,
upon quenching in 2-methyltetrahydrofuran from ambient temperature to 5 K or below,
produced the biradical in its singlet state, which slowly converts at low tempera-
tures into the triplet ground state.'®® Ab initio calculations on the lowest singlet and
triplet states of 2,2-disilylcyclopentane-1,3-diyl indicated the singlet lies well below
the triplet.'®® Density-functional calculations indicated that the ground state of the
tetramethyleneethane (TME) diradical in the gas phase is the singlet, whereas the
triplet state should be metastable. In the vibrational spectra of the two states of TME
the symmetric scissoring vibrations have the same frequencies as the vibrational modes
of the photoelectron spectrum of the (TME)~ anion.!”?

Ab initio calculations on spiropentane (101) and cis- and trans-1,2-
dimethylspiropentanes (103) and (106) have shown that, in the diradicals (102), (104),
and (105) which are formed by the cleavage of the peripheral bond between C(1) and
C(2) in the spiropentanes, the weakly electron-donating cyclopropane ring results in
conrotation as the preferred pathway for ring opening of (101), (103), and (106),'"!
in agreement with experimental results. The calculations indicated that the s-cis-
methyl conformation in diradical (105) is lower in energy than the s-frans-methyl
conformation in diradical (104). A long-range attraction between s-cis-methyl group
at C(1) and the non-bonding p-w AO at C(3) in (105) contributes to stabilizing the
diradical.

Dis

(101) (102) (103)

J Con
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Similarly, ab initio calculations on the thermal reaction of propene forming methyl-
cyclopentane suggested a three-step biradical reaction with 1,4-biradical and 1,5-
biradical as intermediates.!”> Quantum-chemical calculations have been carried out for
the cyclization of the neocarzinostatin chromophore cyclonona-1,2,3,5-tetraen-7-yne to
1,5-didehydroindene biradical.!”® The degree of stereoselectivity of the Diels—Alder
reaction of 2-methylfuran and maleic acid in water has been found to reduce sig-
nificantly in the presence of heavy atoms. Taking into account the relatively low
concentration (3.5—-7M) of heavy-atoms, and the rapid fall off of the heavy-atom
effect with distance, these results show that a large portion of the Diels—Alder reaction
occurs via diradical intermediates.!’*

The relative stabilities of singlet and triplet electronic states of three different
oxyallyl systems and the closed form of cyclopropanone, bicyclo[1.1.0]butanone,
and bicyclo[2.1.0]pentan-5-one have been studied by density-functional calculations
(B3LYP/6-31 G*). The results of these calculations are in good agreement with pre-
dictions of calculations based on multi-determinant methods.!”>

Pyrolysis and Thermolysis

The mechanism of the thermal Sgn1 reaction, using 4-nitrocumyl chloride and 2-
nitropropanate ion as a model has been investigated. The results provided unambiguous
evidence that a decrease in driving force is able to change the mechanism of homo-
geneous reductive cleavage reactions from stepwise to concerted.!”®

The thermolysis of a variety of 1,2,4-trioxanes in methanol has been followed by
mass spectrometry and provided evidence of the corresponding products.!”” A study of
the thermal decomposition of 3,6-diphenyl-1,2,4,5-tetroxane in toluene and methanol
revealed a significant solvent effect that supported a homolytic stepwise mechanism
instead of a concerted process.'’®

Ab initio calculations were carried out to elucidate the possible mechanism for
decomposition reactions of dioxetane and dioxetanone and related species. The com-
putational results indicate that endothermic O—O cleavages, followed by charge trans-
fers, are operative for the chemiluminescence reactions of these peroxides with sev-
eral anion species such as phenols, indoles, and luficerins. The chemically initiated
electron-exchange luminescence mechanism requires complete one-electron transfer
for the formation of excited carbonyl fragments.'” Another theoretical study of the
thermal decomposition of 1,2-dioxetane has re-examined the singlet/triplet surface-
crossing regions and computed the spin—orbit coupling and energetics.'®® The barrier
to O—O cleavage on the ground-state surface has been found to lie at nearly the same
energy as the transition structure for the C—C biradical cleavage on the triplet energy
surface. The computational results indicate that the singlet and triplet surfaces do not
cross along the minimum-energy path between the ground state O—O cleavage and
the singlet biradical. The authors have evidence for a singlet/triplet crossing ‘line’
that spans the ground-state O—O cleavage valley and lies a few kcal mol~! higher in
energy. The computed spin—orbit coupling between the ground state and triplet 3(37)
surfaces is larger throughout the crossing region. It has been suggested that facile
intersystem crossing from the ground state to the triplet state can occur anywhere
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along the minimum-energy path, which could lead to a *OCHCH,O" triplet biradical.
This could either fragment to form triplet products or undergo intersystem crossing
back to the ground-state surface. Along these lines m-silyloxyphenolate-substituted
1,2-dioxatenes (see below) containing the substituent directly attached to the peroxid-
ic ring or separated by a methylene group were treated with fluoride. The released
phenolate anion acts as an intramolecular electron donor to the dioxetane moiety,
inducing dioxetane cleavage and formation of an electronically excited singlet state,
which emits fluorescence. '8!

OTBS OTBS

The thermal unimolecular decomposition of ethoxy radicals (C,Hs0*) was inves-
tigated at different temperatures and pressures. Under these conditions the §-C—C
scission CH3;CH,O®* + M — CH,0 + CH3® + M is the dominant decomposition chan-
nel. Excellent agreement between the experimental and calculated rate constants has
been found.'$?

A number of reports on the thermal decomposition of peroxides have been
published. The thermal decompositions of #-butyl peroxyacetate and #-butyl
peroxypivalate,'83 of HCOH!8* and a kinetic study of the acid-induced decomposition
of di-t-butyl peroxide'®® in n-heptane at high temperatures and pressures have
been reported. Thermolysis of substituted #-butyl (2-phenylprop-2-yl) peroxides gave
acetophenone as the major product, formed via fragmentation of intermediate alkoxy
radicals RCH,C(Ph)(Me)O".'%¢ A study of the thermolysis mechanism of di-z-butyl
and di-t-amyl peroxide by ESR and spin-trapping techniques has been reported.'®’
The di-t-amyloxy radical has been trapped for the first time. S-Scission reaction is
much faster in di-r~amyloxyl radicals than in z-butoxyl radicals. The radicals derived
from di-#-butyl peroxide are more reactive towards hydrogen abstraction from toluene
than those derived from di-t-amyl peroxide.

The flash vacuum pyrolysis of alkynes, arynes, and aryl radicals has been reviewed.
A discussion of secondary reactions and rearrangements is included.'®® The pyrolysis
of cyclopentadienes has also been examined.!® The rates for the initial C—H bond
fission and the decomposition of c-CsHs have been calculated. A single-pulse shock
study on the thermal decomposition of 1-pentyl radicals found alkene products that
are formed by radical isomerization through 1,4- and 1,3-hydrogen migration to form
2- and 3-pentyl radicals.'”® The pyrrolysis of #-butylbenzene in supercritical water was
the subject of a report.!”!

The kinetics of the thermal isomerization of methylcyclopropane to four isomeric
butanes have been determined from rate-constant measurements over a wide range of
temperatures 695—1154 K. The kinetic parameters are consistent with the formation
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of the two but-2-enes through a diradical intermediate. Kinetic data for but-1-ene
and 2-methylpropene formation are also presented. The higher activation energy for
the formation of but-1-ene and of cis- and frans-but-2-ene is due to the higher energy
required to break the C(2)-C(3) bond compared with the methyl-substituted C(1)—C(2)
bond.!*?

An ab initio RHF/3-21 G study has shown that the decomposition of 3-hydroxy-3-
methylbutan-2-one is a concerted process with hydrogen transfer and bond breaking
via a five-membered cyclic transition state.'”> AM1 and PM3 methods using UHF
calculations were applied to study the thermolysis of 2-cyanofuroxan.'* The reaction
proceeds via a two-step pathway in which the second step is rate determining. The
effect of solvent in the thermal decomposition reaction of trans-3,3-dimethyl-5,6-
tetramethylene-1,2,4-trioxacyclohexane was studied.'®

The kinetics of the pyrolysis of CF3CHFCF; in a single-pulse shock tube over
the temperature range 1200—1500 K have been studied. The most important products
detected were C,Fq, CF,=CHF, C,F,4, C3Fs, cyclo-C;F, and CF;CHFCF,;H. Traces
of CF;H, CF4, C,FsH, C;Fs, and C4Fg were identified. Modelling results showed
that the major initiation step was the C—C bond-fission reaction. The abstraction of a
secondary H atom by F atoms was predicted to be important, whereas 1,2-HF elimi-
nation was slower.'”® New completely fluorinated intermediates have been identified
from spectroscopic studies of thermal reactions of perfluorinated alkenes, carbocycles
and oxiranes in the gas phase.!”’” A theoretical study of the thermal decomposition
mechanism of fluoromethanethiol (FCH,SH) and of CH3SF at the G2(MP2) level of
theory has shown that the most energetically favourable channel is the formation of
HF and CH,S via a four-centre elimination mechanism for both molecules.!8

The thermal decomposition of azoalkanes bearing geminal «-cyano and «-
trimethylsiloxy groups has been the subject of a report.!” The symmetrical compound
(107) decomposes near room temperature to afford entirely C—C dimers, whereas the
unsymmetrical azoalkane (108) requires heating to 75°C. A '3C NMR product study
of photolysed (107) in the presence of TEMPO showed that the fate of caged t-
butyl-1-trimethylsiloxy-1-cyanoethyl radical pairs is disproportionation (17%), cage
recombination (20%), and cage escape (63%).

TMSO
>L _N_ _CN >L .N__CN
NeON T<OTMS N \ﬁOTMS

(107) (108)

The kinetics and mechanism of pyrrole pyrolysis were investigated by ab initio
quantum-chemical calculations. It was revealed that pyrrole undergoes tautomerization
to form 2H- and 3 H-pyrroles prior to any thermal decomposition. It has been shown
that the major product, HCN, arises from a hydrogen migration in pyrrole to form a
cyclic carbene with the NH bond intact. Ring scission of the carbene leads to an allenic
imine of HCN and propyne which is the lowest energy pathway. The 2H-pyrrole
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undergoes CN fission to form an open-chain biradical species which leads to cis- and
trans-crotononitrile and allyl cyanide. The biradical can also undergo facile H-fission
to form cyanoallyl radical that leads to acetylene, acetonitrile, acrylonitrile, and H,.2%

A similar study using density-functional B3LYP theory and ab initio calculations
was done by other researchers.?! The pyrrole was found to tautomerize to 2 H-pyrrole
which, via 1,2-hydrogen migration, yields 3 H-pyrrole; 3 H-pyrrole can rearrange to
cis-isocyanocrotonitrile via a concerted transition state of C(2)—C(3) bond cleavage
and 1,2-hydrogen migration from C(2) to C(3). cis-Isocyanocrotonitrile isomerized
to cis-crotonitrile. Allyl cyanide was proposed to form from 2H-pyrrole through a
concerted transition state of C—N bond cleavage and 1,2-migration. This study failed
to identify a decomposition pathway for HCN generation.

The thermolysis of 2-methoxyphenol in the presence of cumene as a radical scav-
enger occurs via two possible pathways. A homolytic cleavage of the methoxyl O—C
bond leads to methane and 1,2-dihydroxybenzene whereas an induced route starting
with abstraction of the phenolic hydrogen by cumyl radicals leads, after a cascade of
reactions, to phenol, 2-hydroxybenzaldehyde, and 2-hydroxybenzyl alcohol.?’?

A gas-phase study of the decomposition mechanisms of nitromethane
(CH3NO;), methyl nitrite (CH30NO), dimethylnitramine, and 1,3,3-trinitroazetidine
[(NO,),C3H4NNO,] revealed that, after the initial bond fission, several reaction cen-
tres develop when very active radicals such as CH3, H, NO, OH, HCO, and HNO
combine to form the final mixture of products.?”> CH;ONO decomposition gives large
amounts of NO, and CH3;OH which are not produced in the CH3;NO, decomposition.
The results indicate that the nitro—nitrite isomerization is minimal for the CH3NO, sys-
tem. The thermal decomposition of nitromethane in shock tubes (Scheme 14) has been
analysed and the rate constants for the reactions (a) and (b) below (Scheme 14) were
re-examined.?** The rate constants for reaction (b) decreased slightly with temperature.

a b
CH3NO, =—= CH; + NO, CH; + NO, =—= CH30 + NO

SCHEME 14

A kinetic modelling study on the decomposition of benzene near 1000 K revealed
that the presence of CHy product and the enhanced yields of H, above the predicted
values could only be explained by invoking the reaction with 0.1% toluene impurity.
The decomposition reaction is dominated by the unimolecular dissociation of C¢Hg fol-
lowed H + C¢Hg = C¢Hs + H, and C¢Hs 4+ CgHg = C2Hj¢ + H, by the short chain
process which results in the dehydrogenation of C¢Hg producing CjpHjo + Hyp. 2%

Propyne pyrolysis was studied in a flow reactor at 1210K and 1 atm. Pressure-
dependent rate coefficients of several reaction steps in propyne and allene pyrolysis
were determined by ab initio calculations. The reactions include the mutual isomer-
ization of propyne and allene, the chemically activated reactions with the H atom and
of acetylene with methyl on C3Hs potential-energy surface. The reaction mechanism
predicts the acetylene and methane production rates determined in the flow reactor.?’

The pyrolysis of acetonitrile in a single-pulse shock tube over the temperature
range 1400-2100 K was investigated. The major products detected were HCN, C,H,,
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CHy, and H, while minor products such as HCCCN, H,C=CHCN, C,H4 and C4H,
were also detected. Ab initio chemical calculations revealed that the pyrolysis of
acetonitrile is initiated by CH bond fission, forming a cyanomethyl radical. Products
such as HCCN and H,C=CHCN have been shown to arise from the decomposition
of succinonitrile, that forms by the recombination of two cyanomethyl radicals.?’
The kinetics of thermocyclization of 2,3-diethynylquinoxaline (109) (Bergman
cyclization) have been studied in various solvents. Non-polar solvents give shorter
half-lives and better yields. The cyclization rates observed were found to be solvent

dependent.?®
N & N
A A solvent =
= =
N 3 N
X

X=H,Cl

.o d
N

(109)

N

4

Other researchers have reported that the cyclization step is believed to be rate
determining in the cycloaromatization (Bergman) reaction of aliphatic enediynes.?% It
has been found that the rate-limiting step is hydrogen abstraction by benzannelation.
This effect should be attributable to the faster rate of retro-Bergman cyclization from
the aromatic ring-condensed 1,4-didehydrobenzene diradicals and/or the slower rate
of hydrogen abstraction by them.

The intramolecular thermal cyclotrimerization of dodeca-1,6,11-triyne (110)
at 450-600°C afforded 1,2,3,6,7,8-hexahydro[a5]indacene (112) and dehydro
derivatives. An exothermic cycloaromatization mechanism has been proposed. An
initial formation of a single bond gives diradical (111) which is then trapped by an
alkyne.?!”

H
— N. | =
(110) B (111) - (112)

Thermolysis of benzoenyneallene (113) in cyclohexadiene at 75 °C produced the
cycloaromatized adduct (116) in 22% yield. A biradical is believed to form through a
cascade sequence involving an initial Myers cyclization. Trapping of the aryl radical
centre in (114) with the tetrarylallenic moiety intramolecularly affords (115), having
two triaryl radical centres. Hydrogen abstraction from cyclohexa-1,4-diene by (115)
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gives (116). Thermolysis of benzoenyneallene (117) furnished fluoroanthenes (118).
The presence of the five-membered ring in (113) and (117) is essential to direct the
initial biradical-forming step towards the Myers cyclization reaction. Without the five-
membered ring, as in (119), the C(2)—C(6) cyclization reaction becomes the preferred
pathway leading to benzofluorenes (120).%!!
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In a similar way, thermolysis of N-[2-(1-alkynyl)phenyl]-N’-phenylcarbodiimides
(121) provides a new route for the synthesis of 6H-indolo[2,3-b]quinolines.?!?
Thermolysis of (121) for R=H, in p-terpinene at 138°C produced (2-
phenylamino)quinoline (123; 49%) and 6 H-indolo[2,3-b]quinoline (126; 16%); (123)
was produced via biradical (122) followed by hydrogen abstraction from y -terpinene.
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A two-step biradical pathway through (124) or one-step intramolecular Diels—Alder
reaction could furnish (125), which underwent tautomerization to give (126). For
R =TMS, Me, Pr, t-Bu, and Ph, 6 H-indolo[2,3-b]quinolines (126) were obtained
exclusively and in high yields.

The flash vacuum pyrolysis of N-benzylbenzotriazoles (127), [(2-benzotriazol-1-
ylmethyl)benzonitrile and methyl 2-(benzotriazol-1-ylmethylbenzene)] and the corre-
sponding N-benzylisoxazolones (128) has been studied.?!®> The benzotriazoles lose
nitrogen to give diradicals which undergo intramolecular hydrogen-atom transfer to
give the benzaldehyde N-phenylimine when R = CN (129), or undergo cyclization
(130, R = CO,Me). The benzisoxazolones (128) rearrange initially to the correspond-
ing benzaldehyde N-(2-carboxyphenyl)imines (131), which then undergo subsequent
intramolecular addition reactions.

O
N\ R=CN
N R
N

NC
(127) (129)
R=C02MC
|

N N o
N + |

Z
(0]
(130)

The same researchers have also studied the flash vacuum pyrolysis of N-
acylbenzotriazoles (132) and of the corresponding N-acylbenziisoxazolones (133).2!4
The benzotriazole derivatives gave compounds whose origin suggests a triplet diradical
intermediate (134) formed by loss of N,. The benzotriazole derivatives R = CO,Me
and R = CN gave benzoxazoles and the isoindolo[1,2,3,5]benzotetraazepine (135) for
R = CN. For R = CH;Cl, acrinidine was the only product. At lower temperatures
the benzisoxazolones gave benzoxazole products, consistent with a singlet carbene
intermediate. Thus, at low temperatures indolo[1,2b]benzoxazole is the major pyrolysis
product, but this had triplet diradical properties at higher temperatures leading to the
formation of acrinidine for the chloromethyl compound.
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R =CH,(Cl R =CN, CO,Me
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R = CN, CO,Me, CH,Cl

NS
N
R =CH,(Cl =
high temperature o
N
X
O = O

Two examples of enone/alkene photo-cycloaddition involving a rearrangement of the
intermediate 1,4-diradical have been reported.?'> The photo-Fries rearrangement of 1-
naphthyl acetate in aqueous solution of the novel antenna polyelectrolyte poly(sodium
styrenesulfonate-co-2-vinylfluorene) (PSSS-VF) was studied. Three copolymers of dif-
ferent fluorine chromophores were synthesized. It was demonstrated that electronic
excitation energy could migrate along the polymer chain before being transferred to the
solubilized molecule. The reaction of naphthyl acetate is sensitized by light absorbed
by the polymeric fluorine chromophores. The product contribution was dependent on
the content of fluorine in the copolymer. The reaction in aqueous solution of PSSS-VF
rich in fluorine chromophores occurs with high sensitivity to form the caged product,
2-naphthol, in 95% yield whereas sensitizers with low fluorine content gave 90% yield
of the non-caged product, 1-naphthol.?'¢

Photolysis of vinyl halides can induce both heterolysis of the C—X bond, thereby
generating vinyl cations, and homolysis giving vinyl radicals. This competition between
the two mechanisms was studied for 3-vinyl halides, 1,2,2-triphenylbromoethane (136)
and 1-phenyl-2,2-bis(o-methoxyphenyl)-1-bromoethene and S-styrene.?!” Incursion of
the photo-induced Sgn1 process, through the intermediate vinyl radical, is verified in
the presence of reducing nucleophiles, such as the enolate ions of ketones and in part
with (EtO),PO~. Incursion of the heterolytic pathway and the intermediacy of the
radical cation, occurs in the presence of weak electron-donor anions, such as NO, ™,
N3~ and Cl™. The vinyl cation of B-styrene gives phenylacetylene via an E1-type
elimination.

Photolysis
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Photolysis of 1-(o-tolyl)-1-benzoylcyclopropane (137) and 1-(o-tolyl)-1-benzoyl-
oxirane (138) resulted in hydrogen-transfer reaction to produce a 1,5-biradical
intermediate (139). The biradical from (137) cyclized before cyclopropyl ring opening
to give spiroindanol (140). However, with the biradical derived from (138), the
oxiranyl ring opens up immediately after the initial hydrogen abstraction to give
(141).21%

(137) X =CH,
(138) X=0
X =CH, \ X=0
Me
O
| Ph
H~ ~OH
(140) (141)

The photolysis of the diazobicyclo[2.2.2]heptene derivative (142) was studied at
different temperatures and was found to give mixtures of syn (143) and anti (144)
products.>!® The experimental data support the homolytic (Sy2) pathway as the preva-
lent reaction channel at elevated temperatures for the generation of the sterically
encumbered syn product, whereas at low temperatures the triplet pathway operates
and loss of the syn selectivity is observed. The loss of syn selectivity at low tempera-
tures is due to efficient intersystem crossing in the singlet-excited azoalkane to afford
the planar, nitrogen-free triplet diradical which unselectively ring closes.
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Copper(Il), at very low concentrations, modulates the distribution of tolmetin stable
photo-products (145) and (146), as well as inhibiting the DNA cleavage photo-induced
by the drug. An electron-transfer process from the triplet carbanion (generated in the
tolmetin photolysis) to the copper is involved.??°

0  Me O Me
11] |
hv N
| h \ Me —-— CH,CO,H
P / |/
Me Me
(145)
hv
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N /]
CH,CH,
| / N
Me Me (0]

(146)

Radioloysis

A review of aromatic substitution by the Sgn1 reaction has been published.??! The
reactions of enolate ions of 2-acetyl-(147) and 3-acetyl-1-methylpyrroles (148) with
aryl iodides and neopentyl iodides under irradiation conditions afforded good yields
of substitution products by Sgx1 mechanisms, without the need for initiator.??> These
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anions were found to be more reactive than the enolate ion of acetophenone and are
able to participate in initiation in contrast to the enolate ions of the five-membered
ring analogues 2-acetylthiophene and 2-acetylfuran. The reactions of 2-iodo- and 1,2-
dihalo-adamantanes with carbanions under Sgn1 conditions have been reviewed.???
The reactions of 2-iodoadamantane with two carbanions (TCH,COPh) and (TCH,NO,)
by the Sgn1 mechanism under irradiation by entrainment with the enolate ion of
acetone or by induction with FeBr, have been examined (Scheme 15). A decrease
in reactivity of 2-adamantyl radicals with bulky carbanions (such as anthrone and
2-naphthyl methyl ketone) and with less-reactive nucleophiles has been observed.

Chloroadamantanes (149) and (150) reacted with “CH,COPh to afford the mono-
substitution products (151) and (152) as intermediates, the intramolecular electron-
transfer reaction of the radical anion intermediate being a slow process. Product (151)
with chlorine in the 1-position reacted further to give (153), whereas (152) with chlo-
rine in the 2-position is unreactive, showing that the 1-position is the more reactive.
1,2-Diiodoadamantane (154) reacted with “CH,;NO, to give the monosubstitution
products (155) and (156). This implies that the intramolecular electron-transfer reac-
tion of the radical anion is a slow process. The fact that (155) was formed as major
product and (156) was the minor product shows that, when (154) accepts an electron,
fragmentation occurs faster at the 1-position than the 2-position.
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The 1,4-diphenylbutane-1,4-diyl biradical (157) was generated from 1,4-dichloro-1,4-
diphenylbutane or 2,5-diphenylcyclopentanone under irradiation conditions giving rise
to styrene, 1,2-diphenylcyclobutane, and 1-phenyl-1,2,3 4-tetrahydronaphthalene.?**
Tetrahydronaphthalene forms from 1,4-biradicals that have a phenyl group attached
to one of the radical centres. Irradiation of 2-phenylcyclopentanone resulted in the
formation of tetrahydronaphthalene.

Ph

Hydroxyl radicals were generated radiolytically in N,O-saturated aqueous solutions
of thiourea and tetramethylthiourea.’”> Conductometric detection showed that HO~
and a dimeric radical cation were produced. The dimeric radical cation is formed
by addition of a primary radical to a molecule of thiourea. In basic solution, the
dimeric radical cation decays rapidly to a dimeric radical anion, which is formed via
neutralization of the cation and subsequent deprotonation of the neutral dimeric radical
(Scheme 16). This was not observed in tetramethylurea. These dimeric radical cations
of thiourea and tetramethylurea are strong oxidants and readily oxidize the superoxide
radical, phenolate ion, and azide ion.

NR, NR, "NR,

I HO' I -HO- |l

IC =S IC —S—OH |C —S

NR, NR, NR,
*NR, NR, “NR, “NR,

I | i -
c—S—s—C* =~—— C—S—Ss—C
| |

NR, NR, NR; NR;
NR, ITI R,
NR, NR,

SCHEME 16
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The nature and redox properties of the transient species formed on pulse radiolysis of
aqueous solutions of 2-(phenylthio)ethanol have been reported.??® Radiolytic reduction
has been used to study the substituent effect on nitrobenzyl carbamate fragmentation
designed as triggers for bioreductve prodrugs. A series of 2,3- and «-substituted 4-
[N -methyl- N -(4-nitrobenzyloxycarbonyl)amino]phenylacetamides (158) were studied.
The hydroxylamines were generated by ®°Co y-irradiation of the nitro compounds
in aqueous phosphate-buffered propan-2-ol. Electron-donating substituents in the 2-
position of the benzyl ring accelerated fragmentation of the hydroxylamines.??’

NO, NHOH
R! R!
0 0
3 3
) )k R 5 )k _R
R 0” N R 0~ N
~ NMe, ~ NMe,
0 0
(158)
7 R3
HN
N
~ NMe,
0

The solute benzene radical cation was formed on pulse radiolysis of an acidic
aqueous solution of benzene. The transient optical absorption bands (Ap.x = 310,
350-500nm) were assigned to the solute benzene radical cation which is formed on
acid-catalysed dehydration of the OH adduct. The radical cation is able to undergo an
electron-transfer reaction with Br~ and was found to be a strong electron oxidant.?*

Pulse radiolysis has been used to study the complex reaction that follows electron
addition to hydroxybenzophenones (HOBPs).??® The various radical species involved
have been characterized spectrally and their pK, values evaluated. The differences
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observed for p-, 0-, and m-derivatives have been explained. Reduction of hydroxy-
benzophenone was also studied using dimethyl ketyl radicals as reductants in mixed
water—acetone—propanol solvents. These radicals have been found to react via adduct
formation with the HOBPs, whereas H-atom transfer reaction have been identified in
the reactions with “OBPs.

A pulse radiolysis study of the reactivity of the radical cations generated from 2-,
3- and 4-(4-methoxyphenyl)alkanols (159), where the OH group is separated from
the aromatic ring by an increased number (from 2 to 4) of carbon atoms, has shown
that the cations react with HO™ forming products of C,—Cg bond cleavage. Either
O—H deprotonation is coupled to C—C bond cleavage or a radical zwitterion is
first formed which undergoes intramolecular electron transfer coupled to C—C bond
cleavage. An oxyl radical intermediate is suggested for the base-catalysed decay of
3-(4-methoxyphenyl)propanol radical cation. This radical undergoes 1,2-H atom shift
leading to the formation of 3-(4-methoxyphenyl)propanal. The oxygen acidity disap-
pears when four carbon atoms are interposed between the OH group and the aromatic
ring. These systems behave as carbon acids both in acidic and aqueous solutions.?*°

(CH»),OH

OMe
(159)
n=2,3,4

A similar kinetic and product study of the side-fragmentation reactions of a series
of radical cations [4-MeOCgH,CH(OH)R™] has also been carried out in acidic and
basic solution.?*! At pH 4, the radical cations undergo C,-H deprotonation for R = H,
Me and Et and C,—Cg bond cleavage for R = r-Bu, CH(OH)Me and CH(OMe)Me.
Both types of cleavage are observed for R = i-Pr. Hydrogen bonding of the «-OH
group with the solvent stabilizes the transition state of the C—C bond fragmentation
but not of the deprotonation process. In the presence of “OH the 1-arylalkanol radical
cations become oxygen acids and deprotonation involves the alcoholic C,-OH bond.
The proton is transferred to the base to give the benzyloxy radical either via radi-
cal zwitterions (which undergo intramolecular electron transfer) or directly (electron
transfer coupled with deprotonation.) The benzyloxy radical can then undergo a -
C—C bond cleavage to form 4-methoxybenzaldehyde and R* or a formal 1,2-H shift
to form an «-type radical.

Irradiation of 1-phenylcycloalkenes (160) with cyano-aromatics electron-accepting
sensitizers in MeCN and benzene containing 1M methanol gave trans-(161) and
cis-isomers (162) of anti-Markovnikov adducts.??? The (161)/(162) isomer ratio was
found to depend on the ring size of 1-phenylcycloalkene but not on the sensitizer
used. The mechanism of the reactions was studied by semiempirical MO calculations.
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The stereoselectivity of anti-Markovnikov adducts (161) and (162) produced through
photo-induced electron-transfer reaction of (160) with MeOH in MeCN depends on
the optimum structures and stabilities of the corresponding radical and carbanion
intermediates (163) and (164). In PhH, steric hindrance in an exciplex, comprising
an excited singlet sensitizer and (160), forced cis addition of MeOH to (160) to give
trans-isomer (161) as the major addition product.

Photochemical irradiation of «,8-unsaturated ketones in the presence of
Me;SiOP(OR), (R = Me, Et) gave phosphonosilylation products of 1,4-conjugate
additions which are hydrolysed to the phosphono ketones (165).2* The envisaged
initiation step is electron transfer to the triplet excited state of the enone to generate
a radical ion pair.

Photo-irradiation of the tryptamine (166) produces an intermediate diradical cation
that leads to the formation of an azonino[cd]indole.?** This is the first example of a
vinylogous Witkop cyclization.

O (0N o

O
H %
N
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(166)
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N-Substituted-1-aza-1,4-dienes (167) undergo the di-w-methane rearrangement
to give cyclopropane derivatives when irradiated in the presence of 9,10-
dicyanoanthracene (DCA) as an electron transfer sensitizer. It is the second example
of a rearrangement of the di-w-methane type that takes place in the ground state of
the radical cation intermediate.**

Autoxidation

The Mo(CO)s—TBHP system promoted autoxidation of 5-alkylidenene-4,5-
dihydrofurans (168) under mild conditions, allowing the preparation of primary,
secondary and tertiary furyl hydroperoxides.?® A radical mechanism has been
proposed and was supported by the experimental data.

0
RO
Mo(CO)s
TBHP 1 /A _R?
R 0
R3
0
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foN\ R
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Oxidation by Metal Ions and Related Species
Chromium, Manganese, and Nickel

Chromium(III) catalyses the cerium(IV) oxidation of primary and secondary alcohols
in a mixture of H,SO, and HC10,.! Kinetic results have been interpreted in terms of
the formation of chromium(IV) in a reversible equilibrium, which forms a complex
with the alcohol. Internal oxidation—reduction occurs in a rate-determining step to
give aldehyde or ketone and regenerate the catalyst in the +3 state. The oxidation of
ethanol under similar conditions has also been studied.’

217
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The oxidation of alkyl aryl sulfides to sulfoxides with oxochromium(V) complexes
is first order in oxidant and in substrate.® The better correlation of log k with o+ rather
than o and the low magnitude of p™ value (—1.19) were interpreted as evidence for
a rate-determining single-electron-transfer mechanism. This was further supported by
good correlation in the plots of log k versus oxidation potential/ionization energy.

The kinetics of the oxidation of oxalic acid with chromium(VI) have been studied in
acidic and neutral media.* In the absence of an acidic medium, a mechanism with an
intermediate open-chain ester is proposed. H;SO, and HCIO, were found to decrease
the reaction rate and MeCO,H increased it; this is accounted for by a mechanism in
which HOCrO,0OC(O)Me and MeCO,CrO,0OC(O)Me are intermediates when acetic
acid is present. The oxidation of dimethyl sulfoxide by chromium(VI) involves nucleo-
philic attack of the sulfur of DMSO on chromium, leading to a DMSO-chromate
ester, Me,;S(O7)—Cr(=0),X (where X = ClO4 or HSO, for reactions in HCIO4 or
H,SOy, respectively), which subsequently decomposes to chromium(IV) and dimethyl
sulfone.’ This reaction is promoted by picolinic acid (PA), which, acting as a bidentate
ligand, forms a complex with chromium in a pre-equilibrium step.® Nucleophilic attack
of the sulfur of DMSO on the Cr(VI)-PA complex leads to the build-up of positive
charge on sulfur, accounting for the rate acceleration observed upon addition of the
anionic surfactant sodium dodecyl sulfate and the retardation induced by the cationic
surfactant cetyl pyridinium chloride. The oxidation of 2-pyridinecarboxaldehyde by
dichromate has an unusual mixed fourth-order rate law: first order each in [H™] and
[Cr(VI)] and second order in [aldehyde].” In the oxidation of pyridoxal by dichromate,
the reduction of Cr(VI) to Cr(Ill) proceeds through a Cr(V) intermediate complex that
was detected by ESR.® A polar transition state involving electron transfer from sulfur
to Cr(VI) is proposed in the oxidation of dialkyl and alkyl phenyl sulfides.® A ternary
complex is proposed in the oxidation of substituted S-phenylmercaptoacetic acids by
chromic acid.'®

Kinetic studies of the oxidation of some «-hydroxy acids with pyridinium dichro-
mate (PDC) are consistent with a mechanism involving the loss of H,O from the pro-
tonated substrate in the rate-determining step.!! The oxidation of 8-hydroxyquinoline
(oxine) by PDC has been studied.!? The intermediacy of an acetochromate ion in the
oxidation of some acetophenone oximes with PDC is suggested.!?

The pyridinium chlorochromate (PCC) oxidations of pentaamine cobalt(III)-bound
and unbound mandelic and lactic acids have been studied and found to proceed at sim-
ilar rates.'* Free-energy relationships in the oxidation of aromatic anils by PCC have
been studied.'> Solvent effects in the oxidation of methionine by PCC'® and pyridinium
bromochromate (PBC)'7 have been investigated; the reaction leads to the formation of
the corresponding sulfoxide and mechanisms have been proposed. The major product
of the acid-catalysed oxidation of a range of diols by PBC is the hydroxyaldehyde.
The reaction is first order with respect to the diol and exhibits a substantial primary
kinetic isotope effect.'® Proposed acid-dependent and acid-independent mechanisms
involve the rapid formation of a chromate ester in a pre-equilibrium step, followed
by rate-determining hydride ion transfer via a cyclic intermediate. PBC oxidation of
thio acids has been studied."”
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Correlation of structure and reactivity in the oxidation of substituted aromatic anils
by pyridinium fluorochromate (PFC) has been attempted using Grunwald—Winstein
and Hammett equations.”’’ The stoichiometry between the substrate and oxidant is
1:2 in the oxidation of cyclic ketones by PFC to 1,2-diketones.?! PFC oxidation of
secondary alcohols has been investigated.?

Following earlier studies of the oxidation of formic and oxalic acids by pyridinium
fluoro-, chloro-, and bromo-chromates, Banerji and co-workers have studied the kinet-
ics of oxidation of these acids by 2, 2’-bipyridinium chlorochromate (BPCC) to CO,.%’
The formation constant of the initially formed BPCC—formic acid complex shows little
dependence on the solvent, whilst a more variable rate constant for its decomposition
to products correlates well with the cation-solvating power. This indicates the for-
mation of an electron-deficient carbon centre in the transition state, possibly due to
hydride transfer in an anhydride intermediate HCOO—Cr(=0)(OH)(Cl)—O—bpyH.
A cyclic intermediate complex, in which oxalic acid acts as a bidentate ligand, is
proposed to account for the unfavourable entropy term observed in the oxidation of
this acid.

Quinolinium dichromate (QDC) oxidations of primary?* and secondary?® alcohols
both proceed via a cyclic chromate ester. Acrylonitrile polymerization was observed in
the oxidation of several para- and meta-substituted benzaldehydes to the corresponding
benzoic acids by quinolinium chlorochromate (QCC).?® QCC oxidations of diphenacyl
sulfide?” and of aromatic anils®® have been studied.

Steric effects dominate in the oxidation of dialkyl, alkyl phenyl and benzal methyl
phenyl sulfides to their sulfoxides by quinolinium fluorochromate (QFC) in aqueous
acetic acid.?’ QFC oxidation of phenoxyacetic acids has been studied.*® Imidazolium
dichromate oxidations of a-hydroxy acids have been studied.’!*

The kinetics of the manganese(II)- and cerium(IIl)-catalysed Belusov—Zhabotinsky
(BZ) oscillatory reactions were studied with mixed organic acid—ketone substrates.
In this mixed substrate system, mandelic acid derivatives are oxidized by the metal,
whilst the ketone is brominated and has minimal interaction with the metal. Ketone
enolization is shown to be the rate-determining step. Manganese(I) and [Fe(phen);]**
are employed as coupled catalysts in a BZ-type reaction with amino acids or peptides
as organic substrates.>* Both components are required for oscillations: manganese(II)
catalyses the oxidation of the substrate by BrOs;~ to produce intermediates which
reduce bromine to bromide, catalysed by [Fe(phen)3]2+. Manganous sulfate [Mn(II)]
and cerium(IV) sulfate were employed as catalysts in a BZ system with 4-methoxy-3-
hydroxybenzaldehyde (vanillin) as the substrate.?> Measurement of the potential for the
oxidation of vanillin in the presence of catalyst and acidic potassium bromate shows a
two-phase oscillatory system in which the first phase has a greater frequency than the
second. The second phase begins when sufficient vanillic acid (the oxidation product)
is present. A survey of experimental data on spiral waves in the BZ reaction has been
made®® and compared with several models and numerical simulations. The inhibition
of the manganese(Il)-catalysed, oscillating Briggs—Raucher reaction by bromide ion
is accounted for by the formation of IBr through the reaction of bromide and HOIL
IBr competes with I, in the iodination of the substrate, malonic acid. Thus the growth
of iodide ion, and hence the oscillations, is prevented.37
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The oxidative stability of polyoxometallates and analogues substituted with transi-
tion metals has allowed them to be studied in place of metalloporphyrins in catalysed
oxidations, for example with ozone.?® Alkanes have been oxidized with high selectivity
to ketones using Lijp[Mn", —ZnW(ZnWyOs4)5] in 7-butanol—water with ozone as the
terminal oxidant. For example, ethylbenzene is oxidized to acetophenone, with only
a small amount of 1-phenylethanol formed (85:15; 82% conversion). This selectiv-
ity is contrary to manganese porphyrin hydroxylations with ozone, where the alcohol
is the major product. The use of lithium cations circumvents the problem of self-
oxidation of the quaternary ammonium cations that are normally used to transfer
polyoxometallates into organic solvents. The mechanism of the reaction has been
investigated using UV —visible and ESR spectroscopy. Coupled with the observations
that cumene gives acetophenone and cis-decalin forms frans-decalol as the major
product, the results have been interpreted in terms of the mechanism summarized
in Scheme 1. The key intermediate, a green compound, is postulated to be a man-
ganese ozonide complex, and the ESR spectrum is attributed to this species formulated
as POM—Mn!Y —O—0—0°". Epoxidation of alkenes also occurs under these condi-
tions with retention of stereochemistry, which is explained in terms of reaction of
the ozonide (POM—Mn"—0—0—O" canonical form) as an electrophile with the
nucleophilic alkene.

Mn!' —POM Y
yellow POM—Mn _03
fast | O3
Mn! —POM - POM—Mn"V—0Oy POM—Mn'! — 05"
. very fast
pink green
\ " o
slow substrate ’ =
RCH,R
’ R* R?
MnV=0—POM
or O R3 0 Rl
v__ + m__
MnV— OH— POM Mn POM RQR/ Mn POM +
brown pink R* R?

brown
POM = polyoxometallate

SCHEME 1

Kinetic studies on the oxidation of glutamate by manganese(IIl) in aqueous sulfuric
acid, acetic acid, and pyrophosphate suggest different mechanisms for each case.* In
all cases there is evidence for the involvement of free radicals and in the case of acetic
acid and pyrophosphate media a chelated intermediate is postulated. Simultaneous
Mn(III)/Mn(I'V)-mediated reaction is observed in the oxidation of formaldehyde by
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aquamanganese(I1I) ions.*’ The kinetics of the oxidation of neutral amino acids by
manganese(III) ions in pyrophosphate solution have been studied.*!

Electronic effects modulate ee in salen—Mn(IIl) alkene epoxidations. As a result
of an excellent study, it has been suggested by Jacobsen and co-workers that more
electron-donating substituents stabilize the Mn(V)oxo species relative to the Mn(I'V)
radical intermediate resulting in a later, more product-like transition state which gives
greater enantioselectivity.*> This suggestion was convincingly supported by linear
Hammett plots of enantioselectivity versus o, and secondary isotope effects correlating
ku/kp at Cg with enantioselectivity. Interestingly, Jacobsen and co-workers comment
that the importance of transition state timing ‘is quite reasonable in retrospect, but
it could hardly have been anticipated in the initial design of these systems.” The
generality of this discovery is that it might be usefully extended to many systems that,
like Mn(III) epoxidations, do not involve substrate pre-arrangement. Mn(III), Co(II),
and Ni(II)-salen complexes based on Schiff bases of (+)- or (—)-1,2-diamino-1,2-
diphenylethane and benzaldehydes catalysed the asymmetric epoxidation of styrene
by sodium hypochlorite.*3

Oxidation of L-alanine by alkaline permanganate is first order in [permanganate]
and fractional order in [L-alanine] and [alkali]. The proposed mechanism involves
oxidation via two paths: the slow oxidation of L-alanine by permanganate to yield
products and reaction of alkali and permanganate ion to give manganate.** A kinetic
study of the oxidation of DL-alanine by acidic permanganate catalysed by silver(I) ion
indicates a mechanism involving a rate-determining proton abstraction by water.*> The
kinetics of oxidation of alkyl cinnamates*® using acetyltrimethylammonium perman-
ganate have been studied and a mechanism involving a cyclic manganate(V) diester
intermediate is proposed. Investigation of the kinetics of the oxidation of benzene
and alkylbenzenes by permanganate in aqueous perchloric acid solution has indicated
that the MnO3™" species attacks the aromatic ring.*’ The oxidation of dimethyl and
diphenyl sulfoxides by MnO, ™~ in aqueous acetic acid has been found to be first order
in [substrate] and [MnO,~].*® Permanganate oxidizes benzyl alcohols and ethers to
benzaldehyde and benzoate esters, respectively. In both cases, the rates respond in an
identical way to substitution in the ring, suggesting that oxidation proceeds by the
same mechanism.* The proposed mechanism involves an initial interaction between
the HOMO of the reductant (oxygen 2p orbital) with the LUMO of the oxidant
(manganese two-electron antibonding orbital), followed by rate-limiting hydrogen
transfer. Under strongly alkaline conditions (pH>12), the stable reduction product
of permanganate ion is the manganate ion MnO,>~.>° The oxidation of mandelic
acid by permanganate has been investigated under these conditions, revealing a stoi-
chiometry of 1:2. Kinetic data suggest that an alkali—metal permanganate complex,
formed in an initial equilibrium, reacts with the substrate to give another complex,
[PhCH(OH)C(0)0O—Mn(=0),0,]>, which decomposes in a slow step with loss of
CO; to give a free-radical intermediate Ph\CH(OH)®, corresponding to decarboxylated
mandelic acid. This reacts with hydroxide ion and a second equivalent of permanganate
to yield the final product, benzaldehyde. Oxidation of L-phenylalanine by alkaline
permanganate proceeds via the formation of a complex between L-phenylalanine and
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permanganate, which decomposes to the free radical of L-phenylalanine which reacts
with another molecule of permanganate.’!

A good fit between previously observed linear free Hammett plots and those based
on a simple 3 4+ 2 FMO-based calculation fit well and therefore support a 3 4+ 2 mech-
anism for the addition of permanganate to a C=C double bond.”> A scaling factor
allowed the lateness or earliness of the transition state to be adjusted, and thus allowed
adjustments that are consistent with the ability of MnO,>~ to dihydroxylate both
electron-rich and electron-poor alkenes.

Phenylhydrazones were oxidized by NiO, at 0 °C via a radical mechanism to afford
C—C and C—N dimers.>

Silver, Copper, and Gold

The oxidation of 2-carboxyphenylacetic acid by peroxodisulfate ion is catalysed by
Ag(I).>* The kinetics of the oxidation of tetrahydrofurfuryl alcohol by ditelluratocup-
rate(Il1)> and by ditelluratoargentate(II1)°° in alkaline media have been studied.

The kinetics of the oxidation of isopropylamine by diperiodatocuprate(III) complex
ion have been studied and the results are consistent with a mechanism in which
dissociation of one of the periodate ligands is followed by an adduct formation
between [Cu(HIOg)]™ and isopropylamine. Polymerization of acrylamide indicated
the participation of free radicals.’” The kinetics of the oxidation of several diols by
diperiodatocuprate(Ill) (DPC) in aqueous alkaline media have been studied.*®

The oxidation of glycolaldehyde by tetrachloroaurate®® was carried out in acetic
acid—sodium acetate buffer and found to be first order in [Au(III)] and [glycolalde-
hyde]. H* and Cl~ both retarded the reaction. A compatible mechanism was proposed,
which involves a one-step, rate-determining, two-electron transfer and the involvement
of three gold species, AuCly~, AuCl;(OH,), and AuCl;(OH) ™, the last being the most
active.

Cerium, Titanium, Cobalt, Vanadium, Tungsten, Rhenium, Palladium,
Platinum, and Iridium

Homogeneous oxidations of alkanes by electrophilic late transition metals have been
reviewed.®

The CO,/Ce(IV) stoichiometry in Ce(IV) oxidation of 10 organic acids has been
measured under aerobic and anaerobic conditions.®! The various results are explained
by possible mechanisms in which the initially formed radical either (i) recombines
giving no CO,, (ii) recombines giving an unstable product from which either one or
two molecules of CO, splits off, giving a stoichiometry of 0.5 or 1, (iii) loses CO,
itself giving a stoichiometry of 1, or (iv) under aerobic conditions, adds O, followed
by combination of two peroxy radicals giving either zero or one molecule of CO; and a
stoichiometry of zero or 0.5. The mechanism of the oxidation of anisole derivatives by
Ce(IV) in HCIO, solution has been reviewed.®? Calculations of the electron and spin
densities of corresponding radicals and radical cations have been used to discuss the
oxidation of tetrafluorobenzene derivatives with cerium(IV) perchlorate.%3> A single-
electron transfer is proposed in the oxidation of «-amino-4-imidazolepropionic acid
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by cerium(IV) perchlorate.** The oxidation of the amino-acids Asp, Phe, and Ser by
Ce(IV) to aldehydes, NH3, and CO; is pseudo-first order whereas the oxidation of Met
is second order.®> The kinetics of the oxidation of benzyl alcohol to benzaldehyde by
ceric sulfate have been studied.®

Non-linear effects (NLEs) between ee of reagent or ligand and product ee indicate
the differential participation or non-participation of diastereomeric species.’’ Kagan
and co-workers have suggested these as potential fingerprints of asymmetric processes
using the example of asymmetric sulfoxidation by Ti(i-PrO),—tartrate—peroxide sys-
tems to highlight remarkable complexity in observed NLEs even with minor system
modifications.” Asymmetric oxidations of alkyl azaheterocyclic sulfides using a TAD-
DOL system incorporating a 1,4-diol ligand, titanium tetraisopropoxide, and ¢-butyl
hydroperoxide give sulfoxides which are moderately enriched in the S-enantiomer.®®
The system displays linear chiral induction, suggesting an active species that contains
only one TADDOL ligand. A model is proposed for the intermediate in which the per-
oxide is chelated to titanium and the substrate is axially bound such that the terminal
peroxy oxygen, the titanium and the sulfur are coplanar. Titanium-catalysed, asym-
metric sulfoxidation of alkyl aryl sulfides with chiral hydroperoxides has been studied,
with (§)-(—)-1-phenylethylhydroperoxide being most effective.®® Detailed mechanis-
tic studies showed that the enantioselectivity results from a combination of a low
selectivity (ee <20%) induction and then kinetic resolution (ee 80—85%) of the sul-
foxide to sulfone. The over-oxidation (and better stereoselectivity) is attributed to
preferential sulfoxide coordination to titanium.

The oxidation of thioglycolic, thiomalic, and thiolactic acids in DMSO is first-order
in tetrabutylammonium-12-tungstocobaltate(III) ion.”

The first example of the catalytic asymmetric oxidation of #-butyl disulfide to thio-
sulfinate has been described.”! The use of a chiral Schiff base ligand, stoichiometric
H,0,, and 0.25 mol% VO(acac), gave the product in 91% ee and 92% yield. Good
nucleophiles displace the #-BuS in the thiosulfinate with inversion of configuration
as a ready route to various enantio-rich sulfinyl compounds. The oxidation of tartaric
acid by vanadium(V), with and without control of ionic strength, has been investigated
and a mechanism proposed for both cases. Comparison with published data on maleic
and tartaric acid reveal that electron-withdrawing groups at the a-position of the sub-
strate increase the oxidation rate.”> A high negative p value (—3.64) was obtained in
the oxidation of (phenylthio)acetic acids by vanadium(V) to corresponding diphenyl
disulfide.”

The kinetics of the catalytic oxidation of cyclopentene to glutaraldehyde by aqueous
hydrogen peroxide and tungstic acid have been studied and a compatible mechanism
was proposed, which proceeds via cyclopentene oxide and S-hydroxycyclopentenyl
hydroperoxide.” Monosubstituted heteropolytungstate-catalysed oxidation of alkenes
by ¢-butyl hydroperoxide, iodosobenzene, and dioxygen have been studied; a radical
mechanism was proved for the reaction of alkenes with -BuOOH and O,, but alkene
epoxidation by iodosobenzene proceeds via oxidant coordination to the catalyst and
has a heterolytic mechanism.”

Methyltrioxorhenium (MTO) is now well established as a catalyst in a number
of oxidations employing hydrogen peroxide. Two groups have now reported,
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independently, that this combination can be used for the oxidative transformation of
N,N-dimethylhydrazones derived from aldehydes into nitriles.”®”” The reaction has
wide scope (aliphatic, unsaturated, aromatic, and heterocyclic aldehydes have all been
used successfully), proceeds in high yields, and is selective over epoxidation of C=C
bonds elsewhere in the substrate. It is suggested that the oxidation proceeds via the N-
oxide (Scheme 2) which undergoes a Cope-type elimination of dimethylhydroxylamine
to generate the nitrile. The former is further oxidized by a second equivalent of H,O,
to generate a nitrone, which has been detected by NMR. Stankovic and Espenson’®
reported that the optimum medium is acetonitrile—acetic acid—pyridine (94.5:5:0.5),
the acid purportedly required to inhibit deactivation of MTO to perrhenate, and the
pyridine to prevent hydrolysis to the parent aldehyde. However, Rudler and Denise’’
obtained comparable yields using ethanol alone as the solvent.

- OH
H 1\|/[e cat. MTO H (|) Me R C=N 4 |
P % N TN
R N M R N M e
e \} e Me

MTO = MeRe(=0)3;

SCHEME 2

Cerium(IV) oxidations of organic substrates are often catalysed by transition metal
ions. The oxidation of formaldehyde to formic acid by cerium(IV) has been shown to
be catalysed by iridium(III).”® The observed kinetics can be explained in terms of an
outer-sphere association of the oxidant, substrate, and catalyst in a pre-equilibrium,
followed by electron transfer, to generate Ce'(S)Ir'V, where S is the hydrated form of
formaldehyde H,C(OH),. This is followed by electron transfer from S to Ir(IV) and
loss of H to generate the H,C(OH)O" radical, which is then oxidized by Ce(IV) in a
fast step to the products. Ir(IlI) catalyses the N-bromobenzamide oxidation of mandelic
acid” and N-bromosuccinimide oxidation of cycloheptanol in acidic solutions.3°

The aerobic oxidation of terminal alkenes to alkan-2-ones is normally catalysed by
an aqueous solution of palladium(II) and copper(Il) salts under Wacker conditions.
The copper(Il) serves to mediate the re-oxidation of Pd(0) to Pd(Il); addition of HCI
is also necessary to inhibit clustering of atomic palladium, but this has drawbacks
including reduction of catalytic activity, formation of chlorinated by-products and iso-
merization in the case of higher alkenes. Sheldon and co-workers, as part of a series of
investigations of catalytic conversions in water, have shown that water-soluble palla-
dium complexes with chelating diamines are able to catalyse such reactions efficiently,
without the need for copper ions, chloride ions, or an organic solvent.®! Bathophenan-
throline disulfonate as ligand gave the best results; for example, hex-1-ene underwent
48% conversion into hexan-2-one in >99% selectivity. The catalyst could be recycled
with only modest loss of activity, provided that sodium acetate was added, the role
of which is probably to inhibit the formation of palladium clusters. Palladium(II) has
been found to catalyse the oxidation of allyl alcohol by alkaline periodate.’? The rate
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increased upon addition of chloride ions, and the kinetic data were interpreted in terms
of complex formation between the catalyst and substrate. The complex is oxidised by
H,106%~ in a rate-determining step to generate the CH,=CHCHOH radical, which is
then oxidized in a fast step to the product acrolein. It is proposed that the complex is
a four-coordinate w-complex, in which the allyl alcohol acts as a bidentate ligand to
palladium, binding through the alcohol and via the C=C double bond, the remaining
sites being occupied by chloride and OH.

In the oxidation of glycolaldehyde in alkali, a two-electron-transfer process is pro-
posed for Pt(IV) but a one-electron-transfer process for Ir(IV).33

Group VIII Metals

The mechanistic distinction between the iron—z-butyl hydroperoxide (TBHP) and the
so-called Gif systems (iron salts and hydrogen peroxide) lies in the solely radical nature
of the former, whereas in the Gif system, after initial formation of a carbon—iron bond,
two manifolds exist, one involving Fe(Ill)—Fe(V) in which no radical is formed and
the other involving Fe(Il)—Fe(IV) in which fragmentation of the Fe(IV) species may
give Fe(Ill) and a carbon radical in some cases. In radical chemistry, cyclooctane
is more reactive than cyclohexane, while the reverse is true in Gif reactions. Fur-
thermore, in Gif chemistry, saturated hydrocarbons are oxidized in the presence of
alcohols without significant reaction of the latter. Competitive oxidations involving
combinations of the above cycloalkanes and cyclooctanol, cyclohexanol, or 3-pentanol
reveal product ratios consistent with a mechanism for the Gif reaction in which there
is no initiation by oxygen radicals.3* A review of Gif chemistry in 1998 by the late
Sir Derek Barton, the originator, reinforces these conclusions.® The key observation
is that the selective oxidation of saturated hydrocarbons in the presence of reductants
such as H,S or PhSeH is not compatible with radical chemistry, as has been suggested
by others.

The Belusov—Zhabotinsky (BZ) reaction is catalyzed by a different mechanism
when low-reduction-potential couples such as [Fe(phen);]** /[Fe(phen);]** are em-
ployed. Experimental results for the BZ reaction with this couple in aerated conditions
are compared with satisfactory agreement to a model calculation based on an
18-step skeleton mechanism, which includes reactions of organic radicals and
molecular oxygen %

Various metallo-phthalocyanines (Pht) and metallo-tetraphenylporphyrins (TTP)
have been tested as catalysts for the oxidation of sulfides into sulfones by hydrogen
peroxide.!” TPPFe(III)Cl in ethanol was the only catalyst tested to give 100%
conversion into sulfones in under 5 min; sulfoxides were identified as intermediates.
PhtFe(III) gave sulfoxides in 100% yield and PhtMn(III) and TPPMn(IIT)CI gave the
sulfoxides in up to 70% yields. The absence of any by-product, in particular disulfide,
suggests that a sulfenium radical cation is not an active intermediate in this process.

The active metallic species is thought to be the oxene, Por—K/IZO; the mechanism
is discussed in terms of the competing reactions of this species and the superior
performance of the Fe(Ill) over the Mn(IIl) system is attributed to the faster oxygen
transfer from the oxene to the sulfide or sulfoxide.
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The oxidative behaviour of glycolaldehyde towards hexacyanoferrate(IIl) in alka-
line media has been investigated and a mechanism proposed, which involves an
intermediate alkoxide ion.®® Reactions of tetranitromethane with the luminol and
luminol-peroxide radical anions have been shown to contribute substantially to the
tetranitromethane reduction in luminol oxidation with hexacyanoferrate(Ill) in aer-
ated aqueous alkali solutions.?® The retarding effect of crown ethers on the oxidation
of triethylamine by hexacyanoferrate(IIl) ion has been noted.”® The influence of
ionic strength on the rate constant of oxidation of ascorbic acid by hexacyanofer-
rate(IIl) in acidic media has been investigated.91 The oxidations of CH,=CHX (where
X = CN, CONH,, and CO,™) by alkaline hexacyanoferrate(II) to diols have been
studied.”?

The kinetics of the oxidation of 1,4-thioxane by potassium ferrate have been studied
and a mechanism involving the reaction of thioxane and protonated ferrate as the
rate-determining step is proposed.”> An iron—carboxylate complex immobilized on
a modified silica surface is able to catalyse the aerobic oxidation of hexane to a
mixture of hexan-1-ol, -2-ol, and -3-ol, with no ketone formation.®* Reaction does
not proceed in the absence of a thiol (propane-1,3-dithiol) and yields and rates were
greatly increased by added triphenylphosphine and acetic acid. A mechanism has been
put forward in which reduction of Fe(III) to Fe(Il) by the thiol initiates the reaction and
the alkyl disulfide formed reacts with Phs;P to form a thioalkoxyphosphonium cation
intermediate. Oxygen-18 labelling studies suggest that this intermediate is attacked
by a dioxygen—metal adduct to generate Ph3;PO and an iron-oxo species from which
oxygen is transferred to the substrate. Parallels are drawn with reactions in cytochrome
P-450 model studies.

Ruthenium(IIl) catalyses the oxidative decarboxylation of n-butyric acid and
isobutyric acid by ceric sulfate in aqueous acid.”> A mechanism for the Ru(III)-
catalysed oxidation of o-hydroxybenzoic acid by an acidic solution of bromamine-B
(PhSO,-NNaBr, BAB) has been proposed based on a kinetic study.”® An ionic
mechanism is suggested for the ruthenium(III) analogue of the Udenfriend-type system
Ru(II)-EDTA —ascorbate—0O,, for the selective oxygen-atom transfer to saturated and
unsaturated hydrocarbons.’ The kinetics of the oxidation of p-XC¢H4CHPhOH(X =
H, Cl, Br, NO;, Me, MeO) by bromamine-B, catalysed in the presence of HCI in
30% aqueous methanol by RuCl; have been studied and a biphasic Hammett o-
relationship derived.”® A kinetic study of the ruthenium(III)-catalysed oxidation of
aliphatic primary amines by sodium N-bromo-p-toluenesulfonamide (bromamine-
T, BAT) in hydrochloric acid medium has been undertaken and the mechanism of
the reaction discussed.”” A concerted hydrogen-atom transfer one-electron transfer
mechanism is proposed for the ruthenium(III)-catalysed oxidation of 2-methylpentane-
2,4-diol by alkaline hexacyanoferrate(III).!° The kinetics of the oxidation of propane-
1,3-diol under the same conditions have been studied.'”" Ruthenium(III) catalyses the
oxidation of primary alcohols by bromamine-B. A Taft LFE reaction constant of
p* = —0.77 indicates the development of positive charge in the transition state.'??

In the presence of ruthenium trichloride, alkaline sodium hypochlorite is able to
oxidize methylbenzenes to benzoic acids under phase-transfer conditions at room tem-
perature. In a recent development, selective oxidation of xylenes to toluic acids has
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been achieved.'® The selectivity for oxidation of just one of the two methyl groups
lies in the fact that the monobenzoic acid, once formed, is immediately extracted into
the aqueous phase. Electron-withdrawing substituents in the ring which have lone
pairs of electrons (e.g. Cl or Br) direct the oxidation to the methyl group ortho or
para to it, whereas for those with no unshared pairs of electrons (e.g. nitro, sulfonate,
or carboxylate), the methyl group in the meta position is oxidised. This is rationalised
in terms of the ability of the substituent to stabilise the carbocation formed by hydride
abstraction from the substrate by RuOy. Electron-donating substituents also favour
ring chlorination.

A kinetic study of the oxidation of secondary alcohols by N-methylmorpholine-N-
oxide (NMO) catalysed by the trans-dioxo-ruthenium(VI) complex, [PPh;(CH,Ph)]*
[Ru(0),0AcCl,]~, or tetrapropylammonium perruthenate indicates that the first step
of the mechanism is the formation of a complex between the catalyst and substrate.!**
The oxidations of a series of benzydrols by trans-[(TMC)Ru(VI)(0),]>** (TMC =
1,4,8,11-tetramethyl-1,4,8,11-tetraazocyclotetradecane) are correlated by a Hammett
o plot indicating that a carbocation-type intermediate is not involved. A primary
deuterium isotope effect for the «-proton and absence of an O-D isotope effect
suggest that «-C—H bond cleavage is rate-limiting. Two mechanisms are proposed:'?
one is a 2 4+ 2(C—H + Ru=0) addition involving an organometallic intermediate in
which the new ligand is attached through carbon; the other involves the formation of
an intermediate ruthenate ester, in which the oxygen-bound ligand undergoes a cyclic
transfer of hydrogen to Ru=O0, thereby being released from the metal. Molecular-
orbital considerations favour the second theory.

A mechanistic investigation of four Schiff base—Ru(IV) complexes in asymmet-
ric epoxidation has been conducted.'” The observation of inverse kinetic isotope
effects for the oxidation of B-d,-styrene due to rehybridization and its absence in the
a-deuteriostyrene oxidations discount a rate-limiting formation of a metallooxetane
or a concerted oxene insertion mechanism. A linear-free-energy relationship between
log k and total substituent effects for the ruthenium oxidation of para-substituted
styrenes suggests a rate-limiting formation of a benzylic radical intermediate. Mod-
erate enantioselectivities were observed because the acyclic carbon-centred radical
intermediate undergoes collapse (cis) or rotation—collapse (trans) processes before
the epoxide-forming ring closure.

Complex (1) is a catalyst for selective oxidation of benzylic, allylic alcohols to
aldehydes, and secondary alcohols to ketones using ¢-butyl hydroperoxide.'?” Pri-
mary aliphatic alcohol oxidation failed. The use of cumyl hydroperoxide as radical
probe discounted the involvement of -BuO®/#-BuOO°. Hammett studies (o = —0.47)
and kinetic isotope effects (ky/kp = 4.8) have been interpreted as suggesting an
Ru—OO—Bu-¢ intermediate oxidant.
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The kinetics of osmium(VIII)-catalysed oxidation of dimethyl sulfoxide by diperi-
odatonickelate(IV) in aqueous alkaline medium have been investigated.'°® Monoperi-
odatonickelate(IV) and [0sO,(OH),]>~ were the suggested active species of oxidant
and catalyst, respectively. The kinetics of oxidation of cycloheptanol by hexacyanofer-
rate(Ill) in the presence of Os(VIII) have been investigated; a low [Os(VIII)] allows
its continuous regeneration by hexacyanoferrate(IlI) ions.'” Oxidation of propanal
by potassium hexacyanoferrate(Ill) catalysed by osmium tetraoxide in alkaline media
is zero order with respect to oxidant and first order with respect to catalyst.''® The
kinetics of the oxidation of reducing sugars by osmium tetraoxide in alkaline medium
suggest the formation of an activated complex between enediol and osmium tetraoxide,
which slowly disproportionates to give an osmium(VI) species and the intermediate
products. Key changes are mainly due to the known Lobry de Bruyn—Van Ekenstein
reaction.'!! Os(VIII) catalyses the oxidation of glutamic acid by chloramine-T.!'? In
the oxidation of glycolaldehyde in alkali, a two-electron-transfer process is proposed
for Os(VIID).%

Oxidation by Compounds of Non-Metallic Elements
Nitrogen, Sulfur, and Tellurium

Many oxaziridines are oxidants. 2-f-Butyl-3-phenyloxaziridine, hitherto thought to be
inactive as an oxidant owing to thermal rearrangement to N-z-butyl-a-phenyl nitrone,
has now been shown to be effective in oxidizing sulfides to sulfoxides, provided that
very high pressures are employed.!'!* At 800 MPa, methyl phenyl sulfide was oxidized
to methyl phenyl sulfoxide, the other major product being N-f-butylbenzaldimine
(from the oxaziridine). At a lower pressure of 400 MPa, in contrast, the major product
was N-t-butyl-o-phenyl nitrone. These results are interpreted in terms of competition
between oxaziridine ring rearrangement and sulfide oxidation. Both processes release
strain in the oxaziridine, but the latter requires the close approach of the two reac-
tants, which is excessively hindered at all but very high pressures by the bulkiness
of the substituents. Davis and co-workers have studied the oxidation of enolates of
1,3-dicarbonyl compounds using (camphorylsulfonyl)oxaziridine as a source of elec-
trophilic oxygen to give an «-alkoxide that, upon work-up, gives an a-hydroxy product
or undergoes Baeyer—Villiger-type rearrangement via the attack of O~ on the neigh-
bouring C=0.""* Only when the keto group was part of six-membered rings were
useful ees observed.

Nitrosoalkanes Me,C(CH;X)NO are oxidized by NO, in CCly much more rapidly
than nitrosoarenes. Using stopped-flow techniques, Arrhenius parameters have been
determined for several X substituents, revealing that electron-withdrawing substituents
significantly decrease the rates, an observation that has been discussed in terms of
the atomic charges at the nitrogen atom as calculated by the TNDO/2 method.'"
L-Ascorbate reduces substituted nitrosobenzenes giving the corresponding phenyl-
hydroxylamines.''® A Hammett o+ relationship and a primary kinetic deuterium
isotope effect suggest that the reaction proceeds via a rate-determining cyclic transi-
tion state in which the transfer of the 2-H proton of ascorbate and the electron transfer
from the anionic ascorbate oxygen are concerted.
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Peroxynitrous acid, which has an estimated lifetime of 1-3 s at neutral pH, has
been studied through ab initio calculations that suggest that peroxynitrous acid, per-
oxyformic acid, and dimethyldioxirane have, despite diverse O—O bond energies,
similar activation energies for oxygen-atom transfer.'!” The transition-state structures
for the epoxidation of ethene and propene with peroxynitrous acid are symmetrical
with equal or almost equal bond distances between the spiro oxygen and the carbons
of the double bond.

The kinetics of oxidation of several para-substituted anilines''® and aliphatic
acetals''” by peroxomonosulfate in aqueous acetic acid have been investigated. In
the oxidation of sulfides to sulfoxides by peroxymonosulfate (Oxone), the observed
increase in second-order rate constants with increasing concentration of H,SO, has
been shown to be due to the increasing polarity of the medium, rather than to acid
catalysis.'?® Similar conclusions were arrived at for the oxidation of aryl thiobenzoates
and thiol-phosphorus(V) esters.

Dianisyltellurium oxide (DAT) is a mild and selective oxidant for quinone for-
mation.'?! Treatment of the N,N-di-n-propyldopamine (2) with DAT leads to the
betaine (3), which is identical with the product of oxidation by the enzyme tyrosinase
both of (2) and of the monohydric phenol N,N-dimethyltyramine. The implications
and relevance to the mode of action of tyrosinases have been discussed.
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Halogens

The oxidations of secondary alcohols and sulfides by halamine polymers produce
ketones and sulfoxides, respectively, with some sulfones and chlorosulfoxides pro-
duced in the latter case. A mechanism is proposed based on the oxidation kinetics.!??
A review of the oxidation of haloalkanes with halogens and their derivatives has
appeared.'?

In the oxidation of aliphatic amines by aqueous chlorine, the key rate-limiting step
is the transfer of chlorine from HOCI to the amino group N with probable involvement
in the transition state of water molecules.'?*

The oxidation of formaldehyde by chlorite, ClIO, ", has been studied in aqueous
solution.'? In the presence of excess chlorite, formaldehyde was oxidized to CO,,
with ClO, also being formed. This compound was also obtained as an oxidation
product when HCHO was in excess, in which case the latter was oxidized only as
far as formic acid. The first step of the reaction produces HOCI, which acts as an
autocatalyst, catalysing the formation of ClO, and the further oxidation of HCO,H
to CO;. The build-up of ClO; is due to the fact that HOCI reacts much more rapidly
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with CIO,~ than with the other reductants, and also to the relative unreactivity of
CIlO, towards HCHO and HCO,H.

Kinetic studies on the oxidation of amino acids by chloramine-B (CAB, PhSO,-
NNaCl) in acidic aqueous methanol reveals a dependence of the mechanism on the
solvent composition and pH; a two-pathway mechanism is therefore proposed with
substrate-dependent and independent paths.!?® The oxidation of diazepam by chlora-
mine-B in aqueous hydrochloric acid medium was studied and found to exhibit first-
order kinetics in the oxidant and fractional orders in HCI and diazepam. The overall
reaction was found to involve a six-electron change. In acidic solution, chloramine-B
exists in equilibrium between a variety of species; kinetic studies showed PhSO,NHCI
to be the effective oxidizing species. A mechanism (Scheme 3) was proposed!?’
in which PhSO,NHCI is protonated and forms an ion pair with chloride ion. This
intermediate then reacts with the substrate in the enol form (4) giving an inter-
mediate, which reacts with a second molecule of the oxidant to give the dichloro
species (5). A final reaction of the oxidant with simultaneous hydrolysis gives (6)
which, after decomposition in the presence of water, gives the product (5-chloro-2-
methylaminophenyl)phenylmethanone (7).

It is suggested that oxidative degradation of D-mannosamine, D-galactosamine, and
D-glucosamine by CAB involves attack of an anomeric alkoxide on CAB as a source
of CI" followed by elimination to lactone.'?
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The kinetics of the oxidation of metol [4-(methylamino)phenol sulfate] with chlora-
mine-T (sodium N -chloro- p-toluenesulfonamide) have been studied, and possible mech-
anisms in which ArSO,NHCI was the reactive species have been discussed.'”® The
kinetics of oxidation of some substituted piperidin-4-ols by chloramine-T have been
studied and a compatible mechanism proposed.'3® The kinetics of oxidation of D-
mannosamine by chloramine-T in alkaline medium are consistent with a stepwise
mechanism in which the reaction of the enol-anion of the sugar with the oxidant is rate
limiting.'*' A mechanism involving the aldo-enolic anions of pentoses and keto-enolic
anions of hexoses is suggested for the oxidation of erythro-series pentoses and hexoses
by chloramine-T.!3? Tetracyclines are oxidized by chloramine-T in aqueous acetic acid
with concomitant decarboxylation.133 The kinetics of oxidation of amino acids (leucine,
serine, asparagine, glutamine, glutamic acid, and proline) by chloramine-T have been
investigated.'>* The kinetics of chloramine-T oxidation of triethanolamine in alkaline
media have been investigated.'3

Mechanisms involving glycol bond fission have been proposed for the oxidation
of vicinal diols, and hydride transfer for other diols in the oxidation of diols by
bromine in acid solution.!3® The kinetics of oxidation of some five-ring heterocyclic
aldehydes by acidic bromate have been studied.'*” The reaction of phenothiazin-5-ium
3-amino-7-dimethylamino-2-methyl chloride (toluidine blue) with acidic bromate has
been studied.!?® Kinetic studies revealed an initial induction period before the rapid
consumption of substrate and this is accounted for by a mechanism in which bromide
ion is converted into the active bromate and hyperbromous acid during induction and
the substrate is converted into the demethylated sulfoxide.

A primary kinetic isotope effect (ky/kp = 6.03 at 298 K) was observed for the oxi-
dation of formic and oxalic acids by benzyltrimethylammonium tribromide (BTMAB)
to carbon dioxide.!?® The kinetics of oxidation of pyridoxine to pyridoxal by broma-
mine-T and bromamine-B'#? and caffeine by bromamine-B'*' have been investigated.

Kinetic studies of the oxidation of aspirin by bromamine-T, N-bromosuccinimide
(NBS), and N-bromophthalimide (NBP) support a mechanism in which the unpro-
tonated oxidant is the active species.'*? The ultimate product of the reaction is
2,4,6-tribromophenol, which arises through decarboxylation, bromination and loss of
acetic acid. The NBP and NBS oxidations of «-hydroxy acids are found to be similar
in mechanism.'43

The effect of pH on the periodate oxidation of seven anilines has been investigated.'*
The kinetics of periodate oxidation of aromatic amines have been studied.'*>'4® Perio-
date oxidation of oxalic acid is catalysed by Mn(II).'"*” The reaction of ethane-1,2-diol
with periodate has been investigated under a variety of conditions and the results com-
pared with those of earlier work and analogous studies on pinacol.!*® The 10,~ ion is
the primary reactant, with HsIOg as a secondary reactant; the reverse is true for pinacol.
The complex observed in previous work is shown not to be an intermediate, but rather
to deactivate the reactants.

Ozonolysis and Ozonation

Solvent effects on relative stability and electronic and molecular structure of car-
bonyl oxide (Criegee) intermediates in ozonolysis have been analysed by ab initio
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calculations and revealed that stability was enhanced by favouring the zwitterionic
form of carbonyl oxide.'* A theoretical study of the electronic structures of oxy-
genated dipoles in relation to concerted and biradical mechanisms of 1,3-dipolar
additions and ozonolyses in the gas phase has been published."”® Ozonolyses of
3-alkyl-substituted 1-methylindenes and cyclopentenes suggest that collapse of the
primary ozonide is influenced by the bulk of the substituent R (Scheme 3)."! The
nature of the resulting carbonyl oxide—carbonyl pair then influences the success of
secondary ozonide formation.
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Ozonolysis of styrene and ethylidenecyclohexane in the presence of [!”O]benzal-
dehyde yields stable secondary ozonides incorporating '’O. 7O NMR showed that
labelled oxygen appeared as the ether oxygen, not the peroxo bridge, thus confirming
the Criegee mechanism as opposed to the so-called unified concept.'>?

Gas-phase oxidations by ozone are important in atmospheric chemistry. A detailed
study of the ozone oxidation of ethene at atmospheric pressure has been carried out
using FTIR spectroscopy to monitor product formation and reactions of the Criegee
intermediate, in the presence of hydroxy and carbonyl compounds.'3® A detailed
kinetic analysis for reaction of 2,3-dimethylbut-2-ene has also been reported.!>* The
mechanism of ozonolysis of methyl vinyl ketone, methacrolein, methacrylic acid, and
acrylic acid in the gas phase have been investigated, and in particular the fate of the
Criegee intermediate or carbonyl oxide was addressed.'> Rate constants for the gas-
phase ozonolysis of a range of unsaturated oxygenates were measured and compared
with literature data. The results were discussed in terms of reactivity towards ozone
as a function of the nature, number, and position of oxygen-containing substituents. >
OH radicals were detected in reactions of ozone with alkenes in the gas phase by the
use of hydrocarbon OH ‘tracer’ compounds.'>’
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Ozone also reacts with ethane in the gas phase at room temperature. Rather than
a direct molecular reaction, however, evidence points to the initiation of radical-
chain reactions by the very small O-atom concentrations present in ozone at room
temperature.'>® Added oxygen scavenges the radicals and slows the build-up, leading
to induction periods which may be in excess of 3 h. Recent advances in mechanistic
investigations of gas-phase ozonolysis of alkanes have been reviewed.!>® Oligomeric
peroxides dominate the products of oxidation of nitrotoluenes with ozone in acetic
acid.!®

Peracids and Peroxides

Peracids m-CPBA and CF3;CO3;H have been used in epoxidations of substrates with
two tunable allylic directing groups expected to direct the peracids to opposite faces
of the alkene. Control of face selectivity was observed and attributed to the different
binding abilities of the two peracids to the various allylic functionalities, carbamate on
one side of the alkene and alcohol, methyl ester, acetate, trifluoroacetate, or TBS-ether
on the other.'®! The conversion of N-mono-protected and N-di-protected cyclopent-
3-enylamines to corresponding cyclopentene oxides using m-CPBA gave cis-epoxides
and frans-epoxides, respectively. Amines protected with sterically small sulfonamides
and carbamates gave the best cis selectivity; this is explained by hydrogen bonding
between the m-CPBA and the NH for N-mono-protected amines, whereas trans-
epoxides result from purely steric effects.!%?> Ab initio calculations for the epoxidation
of allyl alcohols with peroxyformic acid have revealed that the directing effect of
the hydroxyl group is due to hydrogen bonding between the carbonyl oxygen of the
peroxy acid and the allylic OH.'®3

The oxidation of sulfoxides by aliphatic peroxy acids is first order in both reac-
tants; the solvent effects have also been investigated.'®* Thiosulfinates are oxidized by
peroxy acids to thiosulfonates and not disulfoxides. It had previously been proposed
that the disulfoxides are formed first but homolytically cleave and recombine to give
thiosulfonates. A series of ab initio calculations were performed (at the 3—21G* and
6-31G* levels) which indicate little difference in the rate of oxidation of S over S(O)
in the gas phase but faster S(O) oxidation in a reaction cluster.'

The use and investigation of dioxiranes continues to expand rapidly. In low-conver-
sion mono-epoxidations of allylic alcohols with (trifluoromethyl)methyldioxirane
(TFDO) and dimethyldioxirane (DMDO), the less nucleophilic 2,3-double bond of
geraniol is rendered more reactive by a hydrogen-bond-stabilized transition state
when less polar aprotic solvents are used, although the effect is more pronounced
with DMDO.!% In chiral allylic alcohols, intramolecular hydrogen bonding controls
the diastereoselectivity. In TFDO epoxidations of cyclic allylic alcohols, no enone
formation is seen, as it is with DMDO. Kinetic data for the epoxidation of cis-alkenes
and cycloalkenes with DMDO in acetone are consistent with a mechanism involving
a spiro transition state.'®” DFT at the B3LYP/6—31 G* level, using a model solvent
dielectric ¢ = 20, for the DMDO-mediated epoxidation of 2-methylbut-2-ene allowed
enthalpies of activation to be calculated similar to those determined experimentally
in acetone.'%® The system also showed substantially decreased activation barriers
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when hydrogen-bonding substituents were present due to hydrogen bonding and not
due to inductive effects. An even more significant lowering was observed when
hydrogen bonding to methanol as a model protic solvent and this can understandably
account for lowered selectivities in such solvents. 6—31G*-level calculations for
alkene epoxidation using dioxiranes predict a symmetrical spiro-butterfly transition
state with two identical C—O forming bond lengths'® and support hydrogen-bonding
interactions (<25kJ mol~!) in the epoxidations of allylic alcohols with dioxiranes.!”®
In situ-generated N-oxides have been shown to react with DMDO or TFDO revert-
ing to the corresponding amines and singlet oxygen, 'O,. In the case of nucleophilic,
heteroaromatic N-oxides, the decomposition of the dioxirane by the N-oxide is slow
compared with the oxidation, and the N-oxide predominates.!”! As discussed in
Organic Reaction Mechanisms 1997, the mechanisms of many oxidations by dimethyl-
dioxirane have been the subject of some controversy. Increasingly, evidence points to
an electrophilic Sy2 mechanism (e.g. for epoxidation and alkene-insertion reactions),
but other studies have suggested the involvement of bis(oxyl) radicals. The oxidation
of a series of N,N-dimethylanilines by DMDO (to the N-oxides) has been investi-
gated with respect to sensitivity to para substituents, and compared with analogous
oxidations by ¢-butyl hydroperoxide (TBHP) (where a homolytic pathway is thought to
be involved) and benzoyl peroxide (electrophilic mechanism).!”?> Reactivity decreased
in the order MeO > H > Cl > NO, for oxidations by DMDO and (PhCOO),, in line
with an electrophilic mechanism, whereas the TBHP reactions were less susceptible
to changes in substituent, as expected for a non-electrophilic reaction. Further analysis
showed no evidence for free radicals or electron transfer in the DMDO oxidation.
Similarly, an interesting and somewhat controversial discourse has developed as to
the mechanism of DMDO-mediated alkene oxidation: is it concerted oxygen insertion
or radical? Although the former is more widely accepted, Minisci and co-workers
have presented evidence that supports a radical mechanism.!”? Trapping products and
the effect of oxygen suggested a molecule-induced homolysis of DMDO by alkanes,
ethers, and aldehydes through hydrogen abstraction. The oxidation then occurs through
cross-coupling of the radical pair in the solvent cage (rebound), while radicals escaping
from the cage can initiate chains (Scheme 4). Less evidence exists for the subsequent
suggestion by the authors that alkene epoxidation by analogy also proceeds in this way.
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DMDO hydroxylation of a hypersensitive radical probe, trans-(2-ethylcyclo-
propyl)benzene, supports evidence for an oxygen-atom-insertion pathway over radical-
pair formation.'” Unrearranged and rearranged products are possible in this reaction,
the latter arising from the ring opening of the radical formed by hydrogen abstraction
from the cyclopropylcarbinyl position of the probe; a large predominance of unrear-
ranged products was observed, indicating that the lifetime of the radical, if present,
is too short for radical-pair formation. High-level ab initio calculations lend strong
support to the generally accepted concerted electrophilic oxygen-insertion mechanism
for the oxidation of alkanes to alcohols with dioxiranes under typical preparative
conditions.'”> As part of this debate, ab initio calculations suggest a new mechanism
of the dioxirane oxidation of aliphatic C—H bonds, which reconciles the apparently
contradictory data.'’® A common transition state is suggested: the C—H bond is par-
tially broken, the O—H bond is essentially completely formed, and the O—O bond is
substantially broken (see structure). This is followed by either concerted transfer of the
OH group to the carbon atom or separation into an «-hydroxyalkoxyl radical and an
alkyl radical. These calculations reproduced the observed selectivity of the dioxirane
oxidation of the C—H bonds in hydrocarbons, alcohols, and 1,2-diols. A very similar
transition state was independently determined by Houk and co-workers.!”’

Kinetics of the dimethyldioxirane oxidation of adamantane in an oxygen atmosphere
support a radical mechanism.!”® The kinetics of the oxidation of 2-methylbutane by
DMDO in acetone solution have been studied and the mechanisms of the reaction and
of inhibition of the reaction by O, were discussed.'””

Oxidation of tetrathiolanes (8) with DMDO gave mixtures of dithiirane 1-oxides
(10) and thioketones (11) (Scheme 5). The existence of the intermediate tetrathiolane
1-oxides (9) was verified by NMR of the cooled and evaporated reaction mixture.'3°

The relative reactivity of a wide series of nucleophiles towards dioxirane, dimethyl-
dioxirane, carbonyl oxide, and dimethylcarbonyl oxide has been examined at various
levels of theory.!8! The general trend in reactivity for oxidation by dioxirane was
R,S &~ R,S0O, R3P > R3N in the gas phase, and R,S &~ R,SO, R3N &~ R3P(R = Me)
in solution. A theoretical study of the first oxidation step of [3.2.1]-bridged bicyclic
disulfides highlights a highly oriented reaction path was probably responsible for
stereoselective attack on the exo face.!®?

The existence of an intermediate species in the dioxygen transfer from 4a-hydroper-
oxyflavin anion to phenolate and indole anions has previously been shown and ab initio
and semiempirical MO calculations have been used to examine possible candidates for
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the intermediate;'®* two dioxetane species were identified as probable intermediates.
Stopped-flow kinetics have been used to investigate the imidazole-catalysed peroxyox-
alate chemiluminescence reaction of bis(2,4,6-trichlorophenyl) oxalate.!®* The failure
of other amine bases suggests a role for imidazole as a nucleophilic catalyst. The
results are consistent with an intermediate oxalyldiimidazole that reacts to form a
monoperacid which in turn forms a high-energy light-generating intermediate (12).

HO

O
NN
AN

0O—O0
12)

Although thermal decomposition of 1,2-dioxetanes normally leads to two carbonyl
products, dioxetanes bearing a phenyl group substituted with an N-methylamino or
N,N-dimethylamino group at the ortho position have been found to undergo a different
and unusual decomposition pathway leading to heterocycles (13) and (14), despite
the fact that the unsubstituted o- and p-amino analogues decompose in the normal
fashion to carbonyl products (Scheme 6).'% This interesting competitive pathway has
been rationalized in terms of intramolecular nucleophilic attack of the N-methylamino
group at the O—O moiety of the dioxetane and O—O bond fission, followed by proton
exchange in the intermediate zwitterion (Scheme 7).

Hexamethylbenzene reacts with DMDO via three pathways: (i) to an arene oxide,
which rapidly rearranges to an oxepin tautomer that then is oxidized to a cis-diepoxide
and then to a cis, cis,trans-triepoxide; (ii) a methyl group migrates in the first epoxide
to give a cyclohexadienone, which then reacts to give a frans-diepoxide; (iii) C—H
insertion to give the benzyl alcohol and then the corresponding benzoic acid.'

Wang and Shi have published a detailed study of their fructose-based dioxirane
epoxidation catalyst system with hydroxyalkene substrates.'®” The ees obtained were
highly pH dependent. The lower enantioselectivity obtained at low pH is attributed to
the substantial contribution of direct epoxidation by Oxone. The results obtained with
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the corresponding TBS ethers strongly suggest that the epoxidation by Oxone was
facilitated by the hydroxyl group in the substrate perhaps due to enhanced intramolec-
ular epoxidation through hydrogen bonding or enhancing the aqueous solubility of the
substrate.

Denmark and Wu have suggested'®® discrepancies in previous ['*O]dioxirane labelling
experiments'8%1°0 and disclosed their results as shown in Scheme 8; 34% incorporation
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of 80 into epoxide was observed. The disparity between 34% and the theoretically
expected 43% (50% of the 86% present in the labelled water used) was attributed to the
slow exchange of ketone O in H,'3O. This was confirmed by increasing the number of
ketone equivalents to 5, which gave increased (39%) incorporation. They suggest that
the problem with previous ketone systems was that there was no mechanistically signif-
icant, ketone-catalysed pathway in those cases owing to the insolubility of the ketone
in the aqueous phase, and that this explains the lack of 80 incorporation observed in
those previous cases.

By exploiting electrostatic field effects (unfavourable through-space charge—dipole
repulsion) to increase the nucleophilic susceptibility of cyclohexanones, more efficient
catalysts (16) and (17) for epoxidation through in situ dioxirane formation have been
designed.'”!

S
7N\
o (6]

(16) a7
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The thiophene endoperoxide (18) is a powerful episulfidation reagent.'? The stereo-
specific transformation of cis- or trans-cyclooctene suggests a concerted process. First-
order consumption kinetics have now shown that (18) is not itself the active S-transfer
reagent: two such intermediates are proposed, possibly oxathiiranes such as (19) or
(20), based on similarities in the trends for epoxidations of the same substrate by
DMDO. '3

(18) (19) (20)

Pinene hydroperoxide (PHP) when compared with #-butyl hydroperoxide has been
proposed as an excellent mechanistic probe in metal-catalysed oxidations.!** If inter-
molecular oxygen transfer from a peroxometal species to the substrate is rate limiting,
the bulky PHP is unreactive, but for reaction of an oxometal species as the rate-limiting
step, little or no difference is observed and only small differences in reactivity are
observed when re-oxidation of the catalyst by ROOH to an active oxometal species
is the rate-limiting step.

t-Butyl and cumene hydroperoxide allow hydroxylation of nitroarenes by vicarious
nucleophilic substitution (nucleophilic addition of alkyl hydroperoxide anion followed
by base-induced E2 p-elimination of ROH).!"> Stereoselective nucleophilic epoxi-
dation of simple vinyl and dienyl sulfoxides with NaOOBu' or KOOBu' has been
rationalized by initial nucleophilic addition to the «-face of the reactive conformation
shown in Scheme 9 followed by epoxide ring closure.!” It is likely that steric hin-
drance by the bulky tolyl group is a key factor. Interestingly, the diastereoselectivity
of the epoxidation of (1E)-2-sulfinyl dienes can be altered by a simple change in the
metal cation from Li* to Na™.

Ab initio calculations of the transition-state energies in the epoxidation of alkenes by
hydrogen peroxide catalysed by titanosilicates have been carried out.'”” They indicate
a markedly lower energy barrier for attack of the alkene by the oxygen atom of the
titanium(IV) hydroperoxide intermediate that is closer to the metal centre.

R2 R2 0

(0]
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The Baeyer—Villiger (BV) oxidation of ketones to esters involves the migration of
one of the groups flanking the carbonyl to the adjacent electron-deficient oxygen atom.
For unsymmetrical ketones, the migratory aptitudes of the groups is determined by
their relative abilities to support the developing positive charge in the transition state.
It is well known that substituents of Group 14 (Si, Ge, and Sn) are able to stabilize
positive charge at the B-position, and that a B-silicon atom does, indeed, enhance
the migratory aptitude of groups in the BV reaction. A study of the BV reaction
of B-stannyl cyclohexanones has now revealed that a S-trimethylstannyl substituent
raises the migratory ability of a primary carbon to above that of a tertiary carbon
(in the absence of other activation); thus, compounds (21)—(23) gave the acyclic
alkene acids (24)—(26), either via the corresponding lactones or possibly a concerted
breakdown of the initially formed tetrahedral intermediate.!”® A separate study on
the BV oxidation of norbornan-7-ones has revealed a remarkable effect of distal 2-
endo-substituents on migratory ability and hence on the regioselectivity of the reaction
(Scheme 10).'%° Electron-withdrawing substituents at the C(2)-endo position reduce

%\ RCO;H
SnMe3

QDR'= 4 R'=
(22)R!'= H, R2 =Me (25 R!'= H, R2 =Me
(23)R' =R*=Me (26)R' =R*=Me
0
|
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L& ox1ddt10n B/? L@
R
A B
R A:B product ratio
CN 100:0
CO,Me >90:10
OMe 77:23
Ph 51:49
CgH,OMe-p 39:61
OC¢H,F-p 52:48
CeH4NO,-0 70:30
C6H4N02—p 75:25
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the propensity of the C(1)—C(7) bond to migrate compared with the C(4)—C(7);
for R = CN, the effect is so large that migration of the latter occurs exclusively
to give a single product. Thus, the strong inductive effect of such substituents is
relayed to the C(1)—C(7) bond through the C(1)—C(2) bond. On the other hand,
an aryl group at C(2) incorporating an electron-donating methoxy substituent leads
to a reversal in regioselectivity. For a simple phenyl group (R = Ph), the inductive
electron withdrawal is probably counterbalanced by through-space m-donation into
the C(1)—C(2), leading to the absence of any migratory preference in this case.

Some evidence for stereoelectronic effects in peroxide rearrangements, such as
Criegee and Baeyer— Villiger rearrangements, has been determined.””® Certain hydro-
peroxides display highly unusual reactivity patterns under conditions for effecting
Criegee rearrangement. The bond conformation revealed in corresponding crystal
structures suggests that the bond antiperiplanar to the dissociating peroxide bond is
always and exclusively the bond that migrates, even when electronically disfavoured
from doing so.

Fenton-type reagents [H,O, or ¢-butyl hydroperoxide (TBHP) with Fe/Co/Cu cat-
alysts] are of increasing interest as more benign, catalytic alternatives to the use
of stoichiometric chromium-based oxidants in benzylic and allylic oxidations. In a
study employing TBHP and copper salts under phase-transfer conditions, m-activated
methylene groups are oxidized to ¢-butyl peroxides, e.g. 1,2,3,4-tetrahydronaphthalene
(tetralin) is oxidized to 1-z-butylperoxytetralin.?’! The reaction proceeds according to a
classic Kochi free-radical mechanism involving #-BuO radicals and Cu(Il)-OOBu-z.
Secondary allylic and benzylic alcohols are oxidized under the same conditions to
ketones. In this case, however, observations including a very large kinetic isotope
effect (ky/kp = 12.9) for Ph\CH(OH)Me compared with PhCD(OH)Me indicate that
the rate-determining step involves breakage of the benzylic C—H bond and that reac-
tion proceeds via a heterolytic mechanism, the copper catalyst being transformed to
Cu(OH)CI1 which enters the organic phase. The co-existence of two distinct reac-
tion pathways in the same medium has been attributed to H-bonding of the alcohol
substrate with the TBHP oxidant, which lessens the free-radical, peroxidic hydrogen
abstraction by the 7-butyloxy radical. A review on recent progress in the study of
oxidation with hydrogen peroxide in organic synthesis has appeared.???

Photo-Oxygenation, Singlet Oxygen, and Superoxide

A type I one-electron photo-oxidation of methionine—methionine-containing peptides
by triplet carboxybenzophenone in air-saturated aqueous solution has been reported;
the S™* radical cation that is formed then reacts with the other Met-S to form an S—S
three-electron complex which reacts with superoxide radical anion before hydrolysis
to Met(=0)—Met(=0) bis-sulfoxide.”® Alternatively, cyclization of the N-terminal
NH; on to the S can occur to give a three-electron S—N complex which can react
with superoxide radical anion to give a cyclic sulfonium intermediate.

Whilst reactions of «, B-unsaturated carbonyl compounds with 'O, have been the
subject of a number of studies, the corresponding reactions of their enolic tautomers
have received little attention. Reaction of the S-hydroxy-«, f-unsaturated ketones
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in Scheme 11 led to the products shown.?** The photo-oxidation probably involves
an ene reaction with 'O,, in which the oxygen abstracts hydrogen either from the
enolic hydroxy group, to generate (27), or from the 2-methyl group, leading to (28).
Decomposition of (28) by loss of hydrogen peroxide leads to the major enedione
product (29), which can subsequently react with the H,O, liberated to give (30). In
alcoholic solvents, compounds of the form (31) predominate, and are probably formed
by conjugate addition of the alcohol on the enedione. Epoxidation to give (30) is
reduced by bulky substituents in the ring ortho positions and at the terminal carbonyl,
and favoured when all substituents are methyl. It has been shown that the phenyl ring
of styrene substrates can dictate the syn/anti stereochemistry in ene reactions with
singlet oxygen and triazolinediones, perhaps through a favourable interaction of the
enophile with the phenyl ring (Scheme 12).2%

AD initio calculations of the transition structures for the Schenck reaction of sin-
glet oxygen suggest that Me substitution makes the transition structure earlier and
more stable and that the transition-state geometry is sensitive to the position of Me
substituents.?%

Tyrosine hydroxylase catalyses the formation of DOPA from tyrosine using molec-
ular oxygen and tetrahydropterin as a co-factor. There are no primary deuterium or
solvent kinetic isotope effects; however an '30 isotope effect of 1.0175 (£0.0019)
measured through the isolation of remaining O, has been recorded.?’” The results
support a rate-limiting reductive activation of molecular oxygen via a one-electron
transfer from the tetrahydropterin to from superoxide anion as a key reactive inter-
mediate. Ab initio calculations suggest that an S-hydroperoxysulfonium ylid is an
important intermediate in the 'O, oxidation of sulfides.?”® This ylid intermediate can
rearrange to either an a-hydroperoxide or to a protonated sulfone ylid and then to the
sulfone product. Similar results were obtained from an almost parallel study.??
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Atomic Oxygen, Triplet Oxygen, and Autoxidation

Under oxidative conditions, p-benzoquinone is primarily consumed via thermal dis-
sociation at lower temperatures, whereas hydrogen-abstraction reactions with the O/H
radical pool lead to OC4H30 and C4H3O at higher temperatures.!” This shift occurs
at lower temperatures with a higher oxygen concentration. The oxidation of isobutene
in O, was studied in a continuous-flow stirred-tank reactor and shock tube.?!! Compar-
ison of the partial-pressure profiles of various products of the reaction fit reasonably
well with theoretical data obtained with CHEMKIN II software. The kinetics of the
oxidation of dimethyl ether in a jet-stirred reactor and shock tube have been studied?'?
and product and intermediate distributions compare well with calculations using a
numerical model consisting of 336 reactions. The major products detected were CO,
CO;, Hy, H,CO, and CHy4. The thermal gas-phase oxidation of tetrachloroethene by
molecular oxygen in the presence of trifluoromethyl hypofluorite (CF3OF) has been
studied and a detailed mechanism was presented.>'3 The application of a system of
computer-aided design of kinetic models of oxidation and combustion to previously
obtained results for the oxidation of n-octane and n-decane has been performed with
satisfactory fitting of the conversion and distribution of products formed.?'* The oxi-
dation of methanol over a wide range of temperature and pressure is sensitive to
the kinetics of the hydroperoxyl radical through a branching mechanism involving
hydrogen peroxide (H,O, — 20H) at low temperature and a terminating mechanism
(H,0, — H,0 + 0,) at high temperature.>"

In order to model the oxygenation of vitamin K in its hydroquinone form, a naph-
thohydroquinone derivative with a 1-hydroxy group and 4-ethyl ether was prepared
and its alkoxide subjected to oxidation with molecular oxygen.?'® Products consistent
with two possible mechanisms were isolated, the epoxy-quinone which must derive
from a peroxy anion intermediate at the 4-position, and a 2-hydroxy product which
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could arise from a 2-peroxy anion intermediate. The liquid-phase oxidation of 1-
and 2-isopropenylnaphthalene with pure oxygen in PhCl solution in the presence of
cumene and cumene hydroperoxide at 75—125 °C has been investigated.?!”

The Cope rearrangement of the highly strained diene (32) (Scheme 13) is shown
to proceed by a non-concerted mechanism involving the diradical (33), which may
be trapped by oxygen to give the peroxide (34). A full kinetic study confirms the
intermediacy of the diradical.>'®

E e = L2 '
(0]
/

(32) 33) 34)

SCHEME 13

The use of O(3P) atoms produced by microwave irradiation of He—O, mixtures has
shown that alkenes react with atomic oxygen in solution or neat to give predominantly
epoxides.?!” Unlike reactions in the gas phase, at low temperature these produce useful
product yields and distributions. Similar yields suggest that epoxide formation and
1,2-H/1,2-C shifts/ring contractions compete.

Other Oxidations

The stereoselectivity of enzymatic primary carbon hydroxylation has been reviewe
The phthalimide N-oxyl radical (PINO), which may be formed from N-hydroxyphthal-
imide (NHPI), has been shown to catalyse the oxygenation of alkynes to «, S-acetylenic
ketones with dioxygen under mild conditions, in the presence of a transition metal
catalyst, e.g. Co(acac),.??! The subsequent introduction of oxygen into the prop-2-
ynylic C—H bond is presumed to occur by a free-radical process involving hydrogen-
atom abstraction at the energetically favourable prop-2-ynylic position. EPR analysis
suggests that, in order for the PINO radical to be formed from NHPI, the alkynyl
substrate must be present, in addition to O,. The mechanism of the synergistic oxidation
of cyclohexane with H,S and O, has been investigated by addition of PhSeSePh; the
results rule out the involvement of carbon and oxygen radicals.?”> The pyrolysis and
oxidation of formaldehyde at high temperatures have been investigated by monitoring
the progress of the reaction by laser absorption of CO molecules.?** A detailed kinetic
analysis led to a new reaction model giving good agreement with the experimental data.

Human type II inosine monophosphate dehydrogenase catalyses NAD-dependent
conversion of inosine monophosphate (IMP) into xanthosine monophosphate (XMP);
measurements of the primary kinetic isotope effect using [?H]IMP suggest that both
substrates (IMP and NAD) can dissociate from the enzyme—substrate complex; there-
fore, the kinetic mechanism is not ordered. NMR studies indicate hydride transfer to
the B or pro-S face of the nicotinamide ring of NAD, while kinetic studies suggest

d 220
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that this is a kinetically significant step, although the rate-limiting step occurs at a
later stage in the mechanism.?**

The one-electron oxidation of N-benzylphenothiazine by nitric acid occurs in the
presence of B-cyclodextrin, which stabilizes the radical cation by incorporation into
its cavity. The reaction is inhibited by adamantane, which preferentially occupies the
cavity.??> Novel Pummerer-type rearrangements of p-sulfinylphenyl derivatives, yield-
ing p-quinones and protected dihydroquinones, and highly enantioselective Pummerer-
type rearrangements of chiral, non-racemic sulfoxides have been reviewed.?”® A com-
prehensive study has demonstrated that the redox potential for 7- and 8-substituted
flavins is linearly correlated with Hammett o values.?”’” DFT calculations in [3.3.n]pro-
pellanes highlight low ionization potentials that favour SET oxidative cleavage of the
strained central C—C bond rather than direct C—H or C—C bond attack.?*® Oxidations
and reductions in water have been reviewed.??

Reduction by Complex Metal Hydrides

The applications of sodium acyloxyborohydrides, formed from sodium borohydrides in
carboxylic acid media, are reviewed.??0 Useful reviews of the stereoselective reduction
of endocyclic C=N compounds?®! and of the enantioselective reduction of ketones
have appeared.?*?

A nice analysis of non-linear effects in Rh—chiral diamine-catalysed transfer hydro-
genation has been performed that reinforces the need to consider the kinetics of all of
the steps in reaction manifolds (e.g. reversible formation of diastereomeric precursors
and their subsequent interaction with achiral reactants).*

Some further examples of the reduction of adamantanones have highlighted that
increasing the positive dipole on the C=0 using Lewis acids, or placing charged
substituents at C(5) within the adamantyl framework, enhances face selectivities in
borohydride and aluminium hydride reductions due to Cieplak effects.?3*

Other Reductions

The reduction of (2,3)-«- and (2,3)-8-methylenepenam g-sulfoxides to the correspond-
ing sulfides using potassium iodide and trifluoroacetic anhydride (TFAA) is found to
be much faster than for bicyclic B-lactam B-sulfoxides.?** In the proposed mechanism,
initial attack of the sulfoxide oxygen on TFAA is followed by rate-limiting, nucle-
ophilic displacement of trifluoroacetate by iodide ion; nucleophilic attack of iodide on
the iodine atom then yields the sulfide and iodine. The rate enhancement is accounted
for by the stabilization of the transition state in the rate-limiting step by interaction
of the p-like orbital of sulfur and the cyclopropane o * orbital.

The results of kinetic studies on the reaction between iodide and N-chloro com-
pounds support a mechanism in which the rate-determining transfer of C1* from the
N-chloramine to iodide gives an ICl intermediate which rapidly reacts with excess
iodide to give triiodide ions.?3®

The mechanisms of electrochemical reduction of 9-chloroanthracene, 3-nitrobenzyl
chloride, and 3-chloroacetophenone have been investigated by means of cyclic
voltammetry.?3” The effect of different aprotic solvents was studied and, in the case of
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9-chloroanthracene and 3-nitrobenzyl chloride, the rate of the reaction was found to
depend on the electrophilic properties of the solvent as defined by Gutmann acceptor
and donor numbers, respectively; 3-chloroacetophenone showed no linear dependence
on solvent properties.

Atomic charges, effective charges at reacting centres, and HOMO and LUMO
energies have been calculated for nitrobenzene, nitrosobenzene, N-phenylhydrazine,
diphenyldiazine, N,N’-diphenyldiazine-N-oxide, and N,N’-diphenylhydrazine, com-
pared with kinetic data for the hydrogenation of these compounds, and used to propose
a mechanism for the hydrogenation of nitrobenzene.?3

Reduction of N-arylmaleimides with sodium dithionate gives monomeric and dimeric
products; a mechanism has been proposed.?*

The kinetics of the reduction of 2,6-dichlorophenolindolphenol (DCPI), a com-
mon dye used for analysing ascorbic acid, by Fe’* and oxalate have been studied
and indicate the rapid formation of an intermediate complex of Fe’* and C,0,°",
predominantly FeC,Qy, prior to the reduction of DCPI.?*

Disproportionations

The disproportionation reactions of 4-(4-chlorophenylazo)pyridine and 4-(4-chlorophen-
ylhydrazo)pyridine in acidic media have been studied. The hydrazo compound dispro-
portionates to give 1mol of the azo compound (35) and 1 mol each of the reduced
products 4-chloroaniline and 4-aminopyridine. The azo compound also undergoes a
slower hydroxylation reaction giving a variety of products. A proposed mechanism for
the disproportionation of 4-(4-chlorophenylhydrazo)pyridine consistent with observed
first-order kinetics involves a rate-determining electrocyclic rearrangement of the dipro-
tonated species (Scheme 14).24!
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The rearrangements, mechanisms, and conformations of alkylcarbenes have been
reviewed.! A review of Shpolskii matrix-isolated aromatic carbenes, the study of their
conformational isomerism, and the determination of the zero-field splitting parameters
of their excited triplet states has appeared.> Reviews have also appeared on laser flash
photolysis of carbonyl carbenes,® 1,2-hydrogen migration of singlet carbenes and the
mechanistic issues involved in the use of diazirine precursors,* the insertion of car-
benes to give compounds containing bridgehead double bonds,? asymmetric carbene
transformations,® mechanisms and applications of 1,4-addition reactions of carbenes
to dienes,’ stereoselective intramolecular C—H insertion reactions of metal carbenes,?
the formation and reactions of donor-substituted carbenes,’ and the thermally induced
isomerizations of vinylsilanes.'?

Structure and Reactivity

At the HF/6-31G" level, ketenyl carbenes (1) were calculated to be intermediates
in the decarbonylation of 1,2-bisketenes (2) to form cyclopropenones.!! At the
MP2/6-31G* and B3LYP levels, however, decarbonylation was predicted to
form the cyclopropenones directly. The anti-ketenyl carbenes were found to be
2.2-5.4kcalmol™! higher in energy than the syn isomers (1). The mechanism
of reaction of [1.1.1]propellane with singlet dihalocarbene has been reported.'?
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F,C:, formed in the initial pyrolysis of perfluoro(methylcyclopropane), is proposed
to recombine to form biradicaloid C,F;*.!> Time-resolved electron paramagnetic
resonance spectroscopy has been used to study the lowest excited triplet state of Ph,C:,
generated by photolysis of the corresponding diazo compound at low temperature.'*
The zero-field splitting parameters |D|(—0.142cm™") and |E|(—0.0033cm™!) were
obtained.

Photolysis of benzylchlorodiazirine (3) in the presence of tetramethylethylene (TME)
is known to produce (E)- and (Z)-B-chlorostyrene (4) and the cyclopropane (5). Plots
of [5]/[4] vs [TME] are curved, consistent with the existence of two pathways for the
formation of the alkenes (4). Benzylchlorocarbene (BnCIC:) was generated by laser flash
photolysis of the phenanthrene (6) in the presence of TME. ! In this case, plots of [5]/[4]
vs [TME] are linear, ruling out the possibility that the second pathway to the alkenes
(4) involves reaction of a carbene—alkene complex. Time-resolved IR spectroscopy
revealed that diazirine (3) rearranges to the corresponding diazo compound, but this
process is too inefficient to account for the curvatures. It is proposed that the second
pathway to alkene formation involves the excited state of the diazirine.

In contrast to 2-alkylarylcarbenes, triplet carbonyl carbenes do not abstract H from
8- or &-CH bonds.'® Photolysis of diazo compounds (7) in methanol gave products
due to Wolff rearrangement (8) and O—H insertion (9). Sensitized photolysis led, in
addition, to the H-abstraction product (10). Analysis of the results indicated that a large
proportion of the insertion product (9) arises from the excited diazo compound and
that spin inversion of the triplet carbene is faster than H-abstraction from the solvent.
Intersystem crossing to the singlet state is a major reaction of all triplet carbonyl
carbenes that are not rapidly scavenged intramolecularly.

The absolute rate constants for reaction of p-tolyl(trifluoromethyl)carbene, gen-
erated by laser flash photolysis of the corresponding diazirine, with pyridine (4 x
103 1mol~! s~ in Freon-113), ketones [(1.5-9.8) x 108 1mol~' s~! in hexafluoroben-
zene], and quenchers of biological interest have been obtained.!” The results support
a triplet ground state with a small (0.5—1.5kcalmol~!) singlet—triplet energy gap.
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2-Furylchorocarbene (11), generated by irradiation of the corresponding diazirine
in a nitrogen matrix at 8 K, was characterized by IR spectroscopy, which revealed
two species, one of which was destroyed on irradiation to form the aldehyde (12).'8
The experimental and calculated spectra were in accord with two conformations of
the carbene, one of which decomposes to the aldehyde.

Irradiation of 2-diazomethylbiphenylene gives the carbene (13), which possesses
an antiaromatic ring.!” Insertion into the C—H bond of cyclohexane and addition
to alkenes with retention of stereochemistry suggest reactions via the singlet state.
ESR spectroscopy allowed the estimation of zero-field splitting parameters of the two
conformational isomers of (13). Both were S = 1 species displaying slightly more
delocalization than the corresponding naphthylcarbenes.

t-Butylphenylmethylene (14) is calculated to have a singlet—triplet gap of
5—6kcalmol ™! with a triplet ground state.”” The larger angle at the carbene carbon in
the triplet (138.5°) compared with the singlet (119.3°) reduces steric interactions and
allows the phenyl ring to adopt a position in which maximum overlap with the carbene
p-orbital can occur. The Me—C, —Cearpene angle 0 is 101°, indicating some stabilization
of the carbene by the adjacent C—C o-bond. The barriers for 1,3-CH insertion and
C—C migration were calculated to be 1.8 and 3.8 kcalmol~!, respectively, in good
agreement with the experimentally determined ratio of these processes.
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Calculations at the B3LYP/6-31G*//B3LYP/6-31G™* level were used to evaluate
the stabilization energy of the singlet carbene (15) as 15.56kcalmol™'.?! Similar
calculations on singlet 3-carbenabicyclohexane (16) and the tricyclooctane (17) gave
values of 3.27 and 14.06 kcal mol~!, respectively. The calculated geometries of (15)
and (17) showed a significant leaning of the carbenic carbon over the w system or
cyclopropane. This distortion was absent in the triplet structures, which were found
to lie well above the singlets (by 27.82 and 25.74 kcal mol™!, respectively). Singlet
carbenes (15) and (17) appear to be strongly homoaromatic, whereas (16) is only
weakly so.

Abstraction of H,™ from 3-methylanisole, generated in a flowing afterglow triple
quadrupole apparatus, gives the radical anion (18). This species undergoes electron
transfer to F, followed by attack of fluoride ion at the methoxy methyl group to
give the distonic carbene ion (19).?> Carbene (19) displays reactivity characteristic
of a singlet species and calculations at the B3LYP/cc-pVTZ level predict a singlet
ground state with singlet—triplet gap of 3 kcal mol~!. Kinetic protonation on oxygen
is predicted to give a ground-state triplet. C-protonation is predicted to give a triplet
biradical 22.6kcalmol~! more stable than the O-protonated form. Insight into the
origin of spin—orbit coupling in carbenes and the heavy atom effect of substituents
was gained by calculations on :CH,, :CHF, :CHCI, and :CHBr.? Photolysis of 1,4-
bis(diazomethylbenzene) in an N, matrix at 10K produced a species attributed by
IR and UV-Visible spectroscopy to p-phenylenebismethylene as its biradical (20).*
The biscarbene (20) was trapped by HCI to form 1,4-di(chloromethyl)benzene and by
oxygen to form the bis(carbonyl O-oxide).

CH' :CH
H
OMe on >

18) (19) (20)

Both thermal (120 °C at 0.0057) and photochemical decomposition of the tosylhy-
drazone salt (21) were proposed to proceed by initial formation of the cyclopropyl-
carbene followed by fragmentation to biradicals (22) and (23), which proceeded to
1- and 2-vinylnaphthalene and benzobarrelene (24).%
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Thermolysis of the oxadiazoline (25) in the gas phase using a CO, laser as
directed heat source gives products including acetone, tetramethoxyethene, and
dimethyl oxalate.”® Subtraction of the photoelectron spectra of these species from
the spectrum of the product mixture leaves a simple photoelectron spectrum attributed
to dimethoxycarbene in the W conformation (26). Photoelectron spectra for two stable
carbenes (27; R = Et and R = ‘Pr) have been recorded.?’ The first ionization potentials
were found to be 7.71 and 7.56 eV, respectively. Calculations of the first adiabatic
ionization potentials of eight electronically diverse carbenes were performed using
a variety of levels of theory. Calculations using the CBS-4 model and those using
B3LYP/6-31 + G* were shown to give good agreement with experiment.

Me /R
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1,3-Dimesitylimidazol-2-ylidene (28; X = H) reacts with CCly to give carbene
(28; X = Cl), which showed enhanced stability towards air, moisture, and acidic
halogenated solvents.?® An X-ray crystal-structure determination was obtained. Both
carbenes (28; X = H or Cl) react with tellurium to give the corresponding tellurone.
The strong o electron-withdrawing effect of the chlorine atoms is evidenced by the
very downfield '>>Te resonance of this species (—4 ppm compared with —150 ppm for
the non-chlorinated tellurone).

Proton abstraction from the imidazolium chloride (29) by KO'Bu gave the carbene
(30) originally postulated, but not isolated, by Wanzlick.?> An X-ray structure deter-
mination of the carbene (30) showed the expected near-planarity of the imidazole ring
and an NCN angle of 102.1°, characteristic of a singlet carbene.
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Irradiation of matrix-isolated imidazole-2-carboxylic acid gave the 2,3-dihydro-
imidazol-2-ylidene—CO, complex (31) characterized by IR spectroscopy and
calculated to lie 15.9 kcal mol~! above the starting material.*® A series of non-aromatic
nucleophilic carbenes (32) were prepared by desulfurization of the corresponding
thiones by molten potassium in boiling THF.?' The most hindered of the series
(32; R ='Bu) is stable indefinitely under exclusion of air and water and can be
distilled without decomposition. The less hindered carbenes slowly dimerize to the
corresponding alkenes. Stable aminoxy- and aminothiocarbenes (33; X = O, S) were
prepared by deprotonation of iminium salts with lithium amide bases.>? The carbene
carbon resonance appears at 260—297 ppm in the '*C NMR spectrum and an X-ray
structure determination of an aminooxycarbene indicated that electron donation from
the nitrogen is more important than that from oxygen. These carbenes do not dimerize.

The observed IR spectrum of the initial product of irradiation of p-diazidobenzene
in an argon matrix at 12K was in excellent agreement with that calculated for the
bisnitrene (34).% Calculations indicated that (34) has a singlet ground state and small
singlet—triplet gap. The decay of (34) gave rise to a species assigned as (35) which,
in turn, fragmented to acetylene and the alkene (36).
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Generation

Extrusion of F,C: from the CF; group adjacent to the radical centre of an initially
formed biradicaloid isomer in the pyrolysis of hexafluoropropylene was proposed.>*
The activation energy for this extrusion was 30 % 2.5 kcal mol~! and (F3C)FC: was not
observed. Thermal decomposition of CHCI; in krypton was found to proceed by elimi-
nation to form HCIl and C1,C: in a laser Schlieren density gradient study.>> Chlorine
atom formation is entirely due to the thermal reactivity of Cl,C:. MNDO calculations
have been used to study the reaction of CCly with magnesium to form Cl,C:.3

Deprotonation of Vilsmeier reagents (37) by tertiary amine bases has been proposed
to give nucleophilic aminochlorocarbenes (38), which react with (37) to produce the
observed enediamine products (39).3

X cl NMeAr
Ar\
)\ /\Cl ArNMe C(Cl
|
(37) (38) (39)
NMe, NMe, NMe, MeoN NMe,
SiMe,Ph -
- 0SiMe,Ph
(40) 41) (42) (43)
R! Cl

MesSi %\ >=<

Cl R? SAr

o
(44) (45)

Reaction of an amide with PhMe,Sil.i was proposed to proceed via addition to
the carbonyl (40), Brook rearrangement to (41), and loss of PhMe,SiO™ to give the
carbene (42), which dimerizes to the enediamine product (43).3® The carbene could be
trapped by a second equivalent of silyl lithium reagent to give R(Me,N)CLi(SiMe,Ph).

Chloro(trimethylsilylethynyl)carbene (44) was formed by «-elimination of HCI
from trimethylsilylethynyldichloromethane with KO'Bu.*® Cycloaddition to alkenes
gave the corresponding cyclopropanes. Treatment of 1-halovinyl sulfoxides (45) with
EtMgX gave rise to the corresponding magnesium alkylidene carbenoids (46), which
could be trapped by electrophiles to give vinyl chlorides.*’ Carbenoids (46) were
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configurationally unstable and exchanged CI with Br on magnesium, suggesting an
equilibrium with the alkylidene carbene—magnesium halide complex (47).

An exo-type cyclization, proceeding through a cycloalkylidene carbene (49; n = 1,
3, 4), was proposed to explain the formation of enynes (50) and (52) from alkynyl
lithium species (48).*! The proposed carbene (49) could be trapped by addition to
cyclohexene and the cycloalkyne intermediate (51) was trapped by Diels—Alder reac-
tion with 1,3-diphenylisobenzofuran.

The reactivity of cage-annulated carbene (53) was found to depend markedly on
the method of its formation.*? Pyrolysis of the corresponding tosylhydrazone sodium
salt gave products of intramolecular CH insertion or H-abstraction. Photolysis of a
diazirine precursor gave only azine products by reaction of the carbene with the
precursor or diazo compound. Treatment of the gem-dibromoalkane with BuLi gave
products due to intermolecular insertion of the carbene into CH bonds of the solvent.

PhiPs R __R
N

R

0,S W 0,8 W
Al Ar Ar
(83) (54) (55)

Flash vacuum pyrolysis (600 °C) of arylmethylsulfonyl-stabilized phosphorus ylides
(54) gave products resulting from initial extrusion of Ph3P to form the sulfonyl carbene
(55) followed by 1,2-, 1,3-, or 1,5-CH insertion and loss of S0,.*3 1,3-Insertion gives
a thiirane dioxide, which loses SO, to produce an alkene ArCH=CHR. Flash vacuum
pyrolysis of alkane sulfinyl ylides (56; R = alkyl) gave thioesters (58) by extrusion
of PhsP to give the a-sulfinyl carbenes (57) followed by 1,2-oxygen transfer.** The
corresponding arylsulfinyl ylides (56; R = aryl) give, in addition, ketones (60) via
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Wolff-like rearrangement of the carbenes (57) to the sulfines (59), which rearrange
with loss of sulfur. The remaining minor products were postulated to arise by loss of
Ph3PO to give the sulfenyl carbene RS(Ph)C:.

Phenyliodonium ylides (61; Z = CO,R, SO,Ph, COR) react in the presence of
Rh(II) catalysts with the same selectivity in cyclopropanations as the corresponding
diazo compounds and intramolecular CH insertions occur with identical enantio-
selectivities.*> This strongly suggests the intermediacy of Rh carbenoids in
reactions of the ylides. Copper(I)-catalysed cyclopropanation of alkenes with
diphenylsulfoniumethoxycarbonylmethylide also gave cis:trans ratios and ees
identical with those formed using ethyl diazoacetate. Rh,(OAc),-catalysed alkene
aziridination using NsN=IPh(Ns = N-p-nitrobenzenesulfonyl) is stereospecific, CH
insertions occur with retention of stereochemistry, chiral ligands on rhodium give
enantio-enriched products, and no ring opening is observed in the CH insertion
reactions of alkylcyclopropanes.*® A single-step mechanism involving a metal-
complexed nitrene is proposed for both reactions.

A series of substituted or '*C- or '*N-labelled 1-arylmethylpyrazoles (62) were used
to identify the origin of the atoms in the «-carboline (63) formed by pyrolysis in the
presence of chloroform.*” The proposed mechanism involves insertion of dichlorocar-
bene into a benzylic CH bond to give (64). Loss of HCI gives (65), which undergoes
a Stevens-type rearrangement to (66) followed by rearrangement to the nitrene (67),
which closes on to the phenyl ring to give the a-carboline (63).
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Treatment of sulfonylamide tetrabutylammonium salts RSO,NH BuyN™ in benzene
with XeF, gives the corresponding N-sulfonylazepines (68) via a proposed sulfonyl
nitrene intermediate.*

Addition

Ab initio and RRKM calculations indicate that the reactions of C, CH, and '(H,C:)
with acetylene occur with no barrier.*” Laser flash photolysis of the cyclopropanes
(69) and (70) was used to generate the corresponding dihalocarbenes.®® The abso-
lute rate constant for the formation of a pyridine ylide from Br,C: was (4—11) x
10~ 1mol~'s~!. The rates of additions of these carbenes to alkenes were measured
by competition with pyridine ylide formation and the reactivity of BrCIC: was found
to resemble that of Br,C: rather than Cl,C:.

Theoretical studies on the cyclopropanation of ethene with lithium carbenoid and
zinc carbenoid (Simmons—Smith reagent) revealed that both methylene-transfer and
carbometallation pathways are fast for lithium whereas only the former is fast enough
to be experimentally observed for the zinc carbenoid.’! Treatment of trimethyl ortho-
formate with Me;SiCl and zinc amalgam in the presence of alkenes gave rise to
the corresponding alkoxycyclopropanes (71) via a postulated zinc carbenoid (72).%2
The reaction showed a preference for electron-rich alkenes, proceeded with reten-
tion of configuration on the alkene, and gave predominantly the more hindered endo
isomer (71).

7-Norbornylidene carbene (73) was generated by treatment of the corresponding
dibromomethylene species with butyllithium.>® The carbene reacted with alkenes with
retention of configuration, a characteristic of singlet carbenes. No evidence of 1,2-C
shift to the corresponding alkyne was seen. Similar observations were made with the
heptacyclic analogue (74).

Br Br Br X
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Density functional calculations on the D6tz reaction leading from chromium carbene
(75) with acetylene to give the phenol (78) suggested a new mechanism involving the
formation of a chromahexatriene complex (77) from the initially formed vinylallyl-
idene complex (76).>* Complex (77) then collapses to the phenol complex (78).

Insertion and Abstraction

Laser flash photolysis of phenylchlorodiazirine was used to measure the absolute
rate constants for intermolecular insertion of phenylchlorocarbene into CH bonds
of a variety of co-reactants.”> Selective stabilization of the carbene ground state by
m-complexation to benzene was proposed to explain the slower insertions observed in
this solvent in comparison with those in pentane. Insertion into the secondary CH bond
of cyclohexane showed a primary kinetic isotope effect kgkp of 3.8.
1-Hydroxymethyl-9-fluorenylidene (79), generated by photolysis of the correspond-
ing diazo compound, gave aldehyde (80) in benzene or acetonitrile via intramolecular
H-transfer.® In methanol, the major product was the ether, formed by insertion of the
carbene into the MeO—H bond, and the aldehyde (80) was formed in minor amounts
through H-transfer from the triplet carbene to give a triplet diradical which can relax
to the enol.

Flash vacuum pyrolysis of 3,5-diphenylpyrazole (81) gave rise to products of
intramolecular CH insertion of the resulting vinylcarbene (82).%” The barrier to nitro-
gen extrusion is 20 = 3kJmol~! and log A = 13.1 £0.1s7".

ﬂ

(79) (80) (81) (82)
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1,5-CH insertion of vinylidenecarbenes (83), generated from the corresponding
ketones by treatment with lithio(trimethylsilyl)diazomethane, gave rise to 2,5-dihydro-
furans (84).°® The use of aldehydes (R! = H) gave rise to alkynes by 1,2-H shift in
the corresponding carbenes. Matrix-isolated difluorovinylidene (85) was generated by
photo-induced 1,2-F shift from difluoroacetylene.® The reaction of vinylidene (85)
with CO, leads, by electrophilic attack on the oxygen of CO;, to difluoroketene and
CO. The reaction of (85) with molecular dioxygen produces F,C: and CO, and is
postulated to proceed via difluoromethlene dioxirane (86).

The deuterium kinetic isotope effect for intramolecular CH insertion of the nitrene
(87), generated by photolysis of the corresponding azide, is 14.7 £ 0.3 at 20°C
and is consistent with the H-abstraction—recombination mechanism from the triplet
state.®” The temperature dependence of the kinetic isotope effect suggests that quantum
mechanical tunnelling is important in this process.

Rearrangement

A density functional study has been made of the competition between Wolff rear-
rangement and [1,2]-H shift in B-oxy-a-diazocarbonyl compounds.®' Silver-catalysed
decomposition of a-diazoketones (88; n = 0), derived from N-tosyl a-amino acids in
methanol, gave rise to mixtures of products of Wolff rearrangement (89) and direct
insertion of the carbene into the NH bond (90).%> The S-amino acid derived species
(88; n = 1) gave rise to products of Wolff rearrangement.

Dimethylcarbene and dimethylcarbene-ds were generated by laser flash photolysis
of the corresponding diazirines.®® In perfluorohexane, the carbenes decay by rearrange-
ment to propene with barriers of 2.56 & 0.05 and 5.63 =+ 0.03 kcal mol ™!, respectively.
The results, in comparison with calculations, indicate that quantum mechanical tun-
nelling is significant for dimethylcarbene, but makes only a minor contribution for
dimethylcarbene-ds.

A detailed reinvestigation of the products and kinetics of reactions of benzylchloro-
carbene, generated by photolysis of the corresponding diazirine, indicated that the

Ph
N: TSNH O TsNH Tsﬁ\\w\
é é o
R/\ﬁn)kCHNz RO ScoMe R . O

87 (88) (89) (90)
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curvature observed in the Arrhenius plots (Ink vs 1/T") for the rate constants of 1,2-H
shift in hydrocarbon solvents is mainly due to competitive intermolecular reactions
(azine formation and solvent insertion) down to —70°C.%* The barrier to [1,2]-H
shift is ca 4.8kcalmol™' in hydrocarbons and ca 3.2kcalmol™' in polar solvents
(e.g. tetrachloroethane). Quantum mechanical tunnelling does not appear to play a
major role in the [1,2]-H shift of benzylchlorocarbene at ambient temperature in
solution.

Previous studies of the photochemistry of alkylchlorodiazirines have shown that
the yield of trappable carbene is sensitive to the alkylcarbene structure. A laser flash
photolysis study of phenanthridenes (91), precursors of alkylchlorocarbenes, in the
presence of pyridine, has ruled out the intermediacy of a carbene—pyridine complex
which partitions between pyridine—ylide formation and [1,2]-H shift.%

Substituent effects at the migration origin on the rate of rearrangement of sev-
eral alkylchlorocarbenes have been studied at the B3LYP/6-311G**//B3LYP/6-31G*
level.% [1,2]-H shifts are accelerated in the order Ph > Me > F > Cl > H. The exclu-
sive [1,2]-H shift observed in Bn(CI)C: is not due to a migratory preference of
H over Ph, but is the result of the greater acceleration of [1,2]-H shift by the
Ph group than of the [1,2]-Ph shift by an adjacent H. The relative effect of ring-
alkyl vs ring-oxygen on the [1,2]-migration of hydrogen (H* vs H°, respectively)
to the steroidal carbene formed by thermal or photochemical decomposition of the
N-tosylhydrazone lithium salt (92) showed that ring-oxygen is a more powerful acti-
vator than ring-alkyl by a factor of 12:1 in thermolysis at 170°C and by 14:1 in
photolysis at —70°C.%’

A study of the absolute rate constants for [1,2]-H and [1,2]-acyl shifts in a series
of alkylacetoxycarbenes (93), generated by photolysis of the corresponding diazirines,
showed that an «-methyl group is ca 12 times more effective at promoting [1,2]-H
shift than an o-Ph group.®®

HO
Rk/
_ o
NNTs N
e Y
MeO
“91) 92) 93)

Photolysis of the tosylhydrazone sodium salt (94) in diglyme gave, as the major
product, 1,3-diene (95) by [1,2]-vinyl shift in the intermediate carbene.®® Vinyl migra-
tion occurs with retention of configuration and is postulated to occur in the singlet
manifold.

B3LYP calculations indicated that 2-adamantene (96) is 17.4kcalmol™! more
stable than 'A;-adamantylidene (97).7° The barrier to interconversion of (96) to
(97) by [1,2]-H shift is 69.1 kcal mol~!, much higher than that for [1,2]-C migration



266 Organic Reaction Mechanisms 1998

NNTs Na* =
Ph%<\/ Ph
(94) (95)
H
[1,2]-H [1,3]-H
(96) 97) (98)

X
: @ [12]-H
AN

99) (100) (101)

to 4-propoadamantylidene (100) (30.3 kcalmol™') or for retro-Diels—Alder reaction
(20.5kcal mol™") to form the triene (99). The singlet carbene (100) rearranges via
[1,3]-H and [1,2]-H shifts with identical barriers (8.8kcalmol’1). The predicted
distribution of products (99) > (98) ~ (101) is in agreement with experiment.

The non-nitrogenous carbene precursor (102) was used for the photochemical gen-
eration of the carbene (103) without complications due to reactions of diazirine or
diazo species.”! In the presence of alkenes, carbene (103) gave rise to cyclopropanes
and in the absence of alkenes was proposed to undergo [1,2]-C shift to form (104),
which suffered retro-Diels—Alder reaction to give a triene.

(102) (103) (104)
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Calculations at the BLYP/6-311G™ level were found to give a good estimate of
the barrier (33.2 kcal mol™") of the benzyne to cyclopentadienylidenecarbene (CPDC)
rearrangement.’? Similar calculations on polycyclic arynes (e.g. naphthalynes) iden-
tified three distinct types of rearrangement. Only type I, e.g. of 1,2-naphthalyne, to
produce relatively stable CPDCs [such as (105)] with aromatic conjugation unaffected
by the cyclopentadienylidene moiety are observed experimentally.

The '3C-labelled cycloalkyne (106) generated by treatment of the corresponding
vinyl bromide with a strong base (LDA), was proposed to undergo [1,2]-C rearrange-
ment to the vinylidenecarbene (107) in which the label is scrambled between the two
sp? carbons. Carbene (107) was trapped by cycloadditions to alkenes.”> The reverse
process, rearrangement of vinylidenecarbene (107) to the cycloalkyne (106), was
shown not to occur because formation of (107) from the corresponding '3C-labelled
dibromomethylene precursor (108) gave products in which no scrambling of the label
was observed. The cycloalkyne was calculated to lie 8.3 kcal mol~! above the carbene.

(105) (106) 107) (108)

The cyclodehydration of 1-phenylnaphthalene has been studied by BLYP/6-311G™*
calculations.”* A minor pathway involving two consecutive losses of H to give
the naphthalyne (109), which rearranges to the CPDC (110) (with a barrier of
30.3kcalmol™!), that can insert into the ortho-H of the phenyl ring (barrier
3.0 kcalmol™!) was identified.

Attempted formation of the 4-silyl-substituted nucleophilic carbene (111) by depro-
tonation of the corresponding triazolium salt with KH led to the triazole (112), the
product of apparent [1,2]-Si migration.”> A crossover experiment indicated that silyl
transfer is intermolecular.

H.. /
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268 Organic Reaction Mechanisms 1998

N
—~ o~ NEt
H % / N\ 3 N\ F
¥~ F
. @1 AN
(113) (114) (115) (116)
N
Nawor NP 13! Ph
ph” SN Y SNy
13 L
CN N—N
117 118)

Calculations on the ring opening of trans-cyclopropylidene (113) to 1,3-
dimethylallene predicted a barrier of 4.2 kcal mol ™" via initial disrotatory motion of the
substituents followed by a change to conrotatory motion.”® The cis-cyclopropylidene
rearrangement is barrierless and, in agreement with the elusive nature of 1,2-
cycloheptadiene, the barrier to ring opening of bicyclic cyclopropylidene (114; n = 2)
cannot be overcome at low temperatures.

Irradiation of o-fluorophenyl azide in the presence of diethylamine gives the single
azepine (115), suggesting that the ring closure of o-fluorophenylnitrene occurs away
from the substituent to give azirine (116).”” Only in azides bearing two ortho-fluorine
substituents is ring expansion sufficiently retarded to allow the singlet nitrene to react
with diethylamine.

Thermal decomposition of a doubly labelled azidotriazole gave rise to the open-
chain triazine (117) in which the labels were not scrambled.”® Laser flash photolysis
of the triazole leads to (117) within 20 ns with no observable intermediate. Ab initio
calculations indicate that a dynamic equilibrium between the open-chain triazine (117)
and a cyctic nitrene (118), as originally proposed,’ is highly disfavoured.

Nitrenium ions

Calculations of the singlet—triplet energy gaps of a series of nitrenium ions [X(H)N:]*
in the gas phase and in solution indicate that the gap decreases in the order X =
H > CN > F as a result of stabilization of the singlet state by m-donation from the
substituent. For strong m-donors (Cl, F), the singlet state is more stable than the
triplet.3

Calculations on the isoelectronic series Me(Ph)B~, Me(Ph)C:, and [Me(Ph)N:]™
show that the singlet-state geometries are different, reflecting differences in the orbital
interactions between the hypovalent atom and the m-system.3! The high calculated
barrier (21.5 kcal mol™") for [1,2]-H shift in the nitrenium ion is the result of migration
using the orbital which is conjugated with the 7-system.
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Nucleophiles and Electrophiles

The yields of CO production in the reaction of BrFC: with substituted benzaldehy-
des are dependent on the electronic effects of para substituents.> Carbonyl ylide
intermediates were trapped with dimethyl acetylenedicarboxylate. Sterically hindered
tetraphenylcyclopentadienone gave a high yield of CO and no ylide could be trapped
in this case.

The absolute rate constants for oxygen and sulfur transfer to a range of carbenes
(dialkyl, cycloalkylidene, alkylchloro, diaryl, arylchloro, arylalkoxy, and dialkoxy),
generated by laser flash photolysis of diazirine or oxadiazoline precursors, were
determined.®® No evidence was seen for ylide formation and a concerted mechanism
via an ylide-like transition state was proposed.

AD initio and density functional calculations indicate that the first step of the abnor-
mal Reimer—Tiemann reaction involves barrierless formation of an intermediate by
nucleophilic attack on :CCl, of the B-carbon of pyrrole anion.?* This is followed by
a single, concerted step to give the product, 3-chloropyridine.

Dimethoxycarbene (MeO),C:, generated by thermolysis of the oxadiazoline (119),
was found to effect nucleophilic substitution on highly electron-deficient aryl
fluorides.®> Reaction with Sanger’s reagent (2,4-dinitrofluorobenzene) gave rise to
(120) by attack on the fluorine-bearing carbon followed by [1,2]-F shift. Thermal
decarboxylation of 1,3-dimethylorotic acid (121; R = CO,H) in refluxing benzyl
bromide give rise to the 6-benzyluracil (121; R = Bn).%¢ This process involves a
C(6)nucleophile, either a zwitterion or the carbene (122).

OMe
OM OH
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(119) (120) (121) (122)

Thermolysis of the oxadiazoline (123) gives rise to the corresponding dialkoxy-
carbene, which can be trapped by reaction with t-butanol to form orthoesters.?” The
formation of a regioisomeric mixture of esters was explained by fragmentation of the
carbene to radicals (124) which recombine at either end of the allyl system.

Flash photolysis of 2-diazophenylacetic acid in '®0-labelled water gives mandelic
acid (127) labelled in the carbonyl oxygen, thus ruling out a mechanism involving
Wolff rearrangement of the carbene (125) to give a hydroxyphenylketene.¥ The results
were consistent with direct conjugate addition of water to the carbene (125) to form
the enol (126).
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Insertion of the carbenes, via a low-lying singlet state close to the ground-state
triplet, generated by photolysis of the diazo compounds (128), into the CO bond of
cyclic ether solvents (THF, THP, dioxane) gave rise to polyether-bridged azulenes
such as (129).%°

FeCl, has been used to catalyse nitrene transfer from z-butyloxycarbonyl azide to
sulfoxides (to form sulfoximides), sulfides (to give sulfimides), and a ketene acetal
(to form an «-amino ester).”

Silylenes

Silylene (H,Si:) and methylene were used to develop a general procedure for calcu-
lation of spin—orbit coupling of triplet states of organic biradicals with their singlet
states.”! The silylene (130) was invoked to explain the formation of ethyldichlorosil-
ane from the reaction of metallic silicon with HCI and ethene in the presence of a
CuCl catalyst.” Initial reaction to form the silacyclopropane (131) followed by reac-
tion with 2 mol of HCl was proposed. The rate constant for insertion of Cl,Si: into
the CH bond of methane has been determined as 13.41mol~!s~!' at 921 K.”* The
decomposition of the methyldichlorosilane product is proposed to involve elimination
of methane to form Cl,Si: with a rate constant of (1.5 £ 0.2) x 10~3s~! at 905 K. The
results of a study of the thermal decomposition of CI3SiH, CI,SiH,, and CISiH; are
consistent with molecular elimination reactions to give silylene intermediates (Cl,Si:,
Cl1,Si:, and HCISi:, respectively).94

An attempt to investigate the possible photochemical rearrangement of silacyc-
lobutenylidene (132) to give silacyclobutadiene produced seven silylene species in the
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C3H,Si manifold, none of which proved to be the silacyclobutadiene.” Silicon atoms,
generated thermally, were co-condensed in an argon matrix with HCN. The initial
product :CH—N=Si: is rapidly converted into (133) and :SiH—C = N.® The silylene
(133) is converted into :SiH—N=C: on further irradiation and this then isomerizes to
radical species.

Thermally generated silicon atoms react in an argon matrix with acetylene to give
silacyclopropenylidene and in a similar way with ethylene to give silacyclopropylidene
(134).”7 Subsequent irradiation gives the anti-conformer of vinylsilylene (135) and
then a species assigned as 1-silaallene (H,Si=C=CH,). Pulsed flash photolysis of
three different precursors led to matrix-isolated silacyclopropenylidene (136), which
was converted by further irradiation into the isomeric silylenes H3SiC = C—(H)Si:
and H;3Si(H—C = C)Si:.”® Calculations on five C4H,Si species identified the silacyc-
lopropenylidene (137) as the most stable isomer.”® Flash pyrolysis of disilane (138)
gave rise to (137), which was trapped in an argon matrix at 10 K.
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General

The dediazoniation of arenediazonium ions may occur by heterolytic or homolytic
pathways. In a new study of the decomposition of 4-methylbenzenediazonium tetra-
fluoroborate in aqueous solution, the concentrations of the products, p-cresol with a
small amount of 4-chlorotoluene, and also the unreacted diazonium salt were simulta-
neously monitored. The results are in accord with the heterolytic mechanism involving
a highly reactive aryl cation which shows little discrimination for water or chloride
ions.! The dediazoniation of 2,4,6-trimethylbenzenediazonium ions in concentrated
aqueous solutions of acetamide, N-methylacetamide and N, N-dimethylacetamide also
involves heterolysis; the aryl cation intermediate may be trapped by the oxygen or
nitrogen atoms of the amides as well as by water. This approach provides a pos-
sible new method for obtaining information on the topologies and orientations of
aggregate-bound polypeptides.’

The radical-chain Sgn1 reaction is a useful method for the formation of new
carbon—carbon bonds; reactions of the enolate ions of 2-acetylthiophene and 2-
acetylfuran with aryl halides have been investigated using photo-initiation and also
iron(Il) initiation.3

The SxAr Mechanism

Sulfite is an extremely good nucleophile for activated aromatic systems and reac-
tion with 1-substituted-2.,4,6-trinitrobenzenes (1) may result in o-adduct formation
or in displacement of the I-substituent as shown in Scheme 1. When X = OEt or
SEt, adducts (2) and (3) formed by reaction at unsubstituted positions are long-lived.

275
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However when X = OPh or SPh, the substitution product (4) is eventually pro-
duced reflecting the better leaving-group ability of the phenyl compared to the alkyl
derivatives.* The intermediate (5) has been postulated® in the catalysis by sulfite of the
displacement by ammonia of the hydroxyethylamino group in 1-hydroxyethylamino-
2-nitro-4-aminobenzene.

O,N NO, O,N NO,
+ 2807 ——= O u + SOs*
SO5~
NO, NO,
@ 2
SO5~ X
O,N NO, O,N NO,
— 2—
+ X~ + SO;3 H ‘ H
OEN SO5~
NO, NOZ_
C) (€))

X = OEt, SEt, OPh, SPh

SCHEME 1

The reaction of ethyl 2,4,6-trinitrophenyl ether with aniline in dimethyl sulfox-
ide (DMSO) in the presence of Dabco occurs in two stages via the intermediate
(6). Kinetic studies show that proton transfer is rate-limiting both in the forma-
tion of the intermediate and in the subsequent acid-catalysed decomposition to give
2,4,6-trinitrodiphenylamine. Phenoxide is a considerably better leaving group than
ethoxide so that substitutions of phenyl 2,4,6-trinitrophenyl ethers and phenyl 2,4-
dinitronaphthyl ether with aniline occur without the accumulation of intermediates.
Both uncatalysed and base-catalysed pathways are involved.®

-0;S_ NHCH,CH,OH EtO_ NHPh
NO, 0,N ! NO,
H NH, NO,

€ 6
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The '8F/!°F kinetic isotope effect (KIE) has been measured in the reactions of
2,4-dinitrofluorobenzene with 2- and 4-methylaniline in DMSO. The large KIE for
2-methylaniline suggests rate-limiting expulsion of fluoride with this sterically hin-
dered nucleophile whereas the low KIE for 4-methylaniline is consistent with rate-
limiting nucleophilic attack.” The role of 2(1H)-pyridones as bifunctional catalysts
has been investigated in the substitution reaction of 2-cyano-4-nitrofluorobenzene
with piperidine in chloroform.® There has been a kinetic study of the reactions of
2-nitrofluorobenzene with aliphatic amines in DMSO and in toluene.’

In non-polar solvents many aminolysis reactions show a third-order dependence
on the amine, B. This may be explained by catalysis of leaving-group departure
by hydrogen-bonded homoconjugates, BH*B. Evidence for this pathway has been
adduced from studies of the reactions of some nitro-activated O-aryl oximes (7)
with pyrrolidine in benzene, chlorobenzene, and dioxane,'® and with piperidine and
hexylamine in cyclohexane.!! The third-order dependence on amine of the reaction of
2,6-dinitroanisole with butylamine in toluene and toluene—octanol mixtures has been
interpreted in terms of a mechanism involving attack by dimers of the nucleophile.'?

X
Ph /©/
>c

I
|
O

NO,

NO,
@)

The reaction of aliphatic amines with sym-trichlorotrinitrobenzene results in substi-
tution of chlorine and, in the case of ammonia and monoalkylamines, the formation
of di- and tri-substituted products is facilitated by monosubstitution. This has been
attributed to hydrogen bonding between an amino hydrogen and an ortho-nitro group
which helps to relieve steric strain so that nitro groups may more nearly achieve copla-
narity with the aromatic ring.'> Nitranions, formed from aryl and heteroaryl amines
and sodium hydride, may replace chlorine in 4-chloronitrobenzene to yield diaryl-
amines; reactivity is higher in DMSO than in toluene owing to ion-pair formation in
the latter solvent.'* Microwave irradiation has been found to speed reaction, compared
with conventional reflux, in the substitution of halogens by piperidine or potassium
t-butoxide in DMSO or in dimethylformamide (DMF)."

A spectrochemical study has been reported'® of the reactions in dimethylacetamide
of benzyl thiolate, RS™, and disulfide, RS, ™, ions with nitrobenzenes, XCcHsNO,,
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activated by a second electron-withdrawing group. Nitro group displacement is
observed yielding unsymmetrical monosulfides, XCsH4SR, or (poly)sulfide anions,
XCsH4S,~ (y =1, 2). Reaction of 4-bromophenoxide ions with 3-substituted or
3,5-disubstituted nitrobenzenes in DMF may also result in displacement of the
nitro group, and a correlation has been established between reactivity and oy
substituent constants.!” It is reported that reaction in DMSO or DMF of 1-nitro-
4-chloroanthraquinone with thiophenolate ions results in nitro group displacement;
however, with phenolate ions chlorine is preferentially substituted.'® A kinetic
study of the formation of 1,2,3,4-tetrachlorodibenzo-p-dioxin in DMSO indicates
a rate-limiting step involving nucleophilic attack by a pyrocatechol anion on
hexachlorobenzene. '’

An unusually facile hydroxydemethoxylation reaction has been reported for 1-
benzoyl-4-methoxynaphthalene. The use of !'80-enriched hydroxide confirmed that
reaction occurs by the SyAr pathway rather than by cleavage of the oxygen to methyl
bond. A related reaction is observed in 3-(4-methoxy-1-naphthoyl)indole derivatives.
These results indicate the possibility of SyAr activation by a 4-carbonyl group; the
reaction is facilitated by use of a naphthyl ketone as substrate and DMSO as solvent.?

The vicarious nucleophilic substitution (VNS) of hydrogen is an important method
of replacement of ring hydrogen atoms. It is termed vicarious since it involves depar-
ture of an anion from the incoming nucleophile rather than hydride ion from the
aromatic ring. A short review?! has summarized studies of the mechanism and the ori-
entation of substitution in VNS reactions. The synthesis of a hexasubstituted benzene
has been reported by VNS reaction of 2-chloro-3,5-dinitro-4-methylbenzene with the
anion of chloromethyl p-tolyl sulfone.?> VNS reaction of nitroarenes with the anion
of l-cyano-2,2-diethoxycarbonyl cyclopropane proceeds by o-adduct formation and
base-induced elimination which results in cleavage of the cyclopropane ring; reaction
ortho to the nitro group may eventually yield substituted N-hydroxyindoles.?

Full reports have appeared, following preliminary communications, of both the
amination and hydroxylation of nitroarenes. Amination may be achieved by use of
sulfenamides as nucleophiles. The mechanism is analogous to VNS with thiolates
as leaving groups. Use of the sulfenamide (8) results in amination para to the nitro
group, while (9) and (10) allow reaction at the ortho position.”* The amination of
dinitroarenes by this procedure is not satisfactory and SnAr substitution of nitro groups
may occur. Hydroxylation of nitroarenes may be observed following reaction with the
anions of z-butyl or cumyl hydroperoxides;>® again VNS is involved with base-induced
elimination of the alcohol occurring by an E2-type mechanism.

O Cl A Cl

N
j\ @ s/>_ SNH; SNH,
S

SNH, cl
® ® (10)
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There have been several studies of the oxidative substitution of hydrogen by carb-
anions. Reaction of the carbanion of 2-phenylpropionitrile with nitroarenes in liquid
ammonia yields o-adducts (11), which may be oxidized with potassium perman-
ganate to yield the neutral products (12). Addition of methyl iodide to a 1:1 carb-
anion—nitroarene mixture indicates the presence of little free carbanion, showing that
formation of the initial o-adduct goes almost to completion.?® The value of 9.8 found
for the isotope effect ky/kp measured by comparison of the rates of reaction of
nitrobenzene and [4 — ?H]nitrobenzene confirms that carbon—hydrogen bond break-
ing is rate limiting in the oxidation process.?’ Studies with related phenylacetonitrile
derivatives PhCHRCN [R = Et, n — CsH;;, Bn, MeO, PhO, NMe,, Ph, CH(Me)Ph
and CHPh,] show that o-adduct formation at the 4-position of nitroarenes is the
norm; when suitable leaving groups, R = MeO, PhO, are present in the carbanion
then VNS may compete with oxidation of the adducts.?® Interestingly, in the reaction
of 2-phenylpropionitrile with nitroarenes the use of dimethyldioxirane as the oxi-
dant rather than permanganate results in nitro group displacement to yield substituted
phenols (13); it is likely that a dienone intermediate is involved.”® Kinetic studies
of substituent effects on the reaction in alcohols as solvents of substituted nitroben-
zenes with the anion of phenylacetonitrile show that initial complexation may be rate
limiting; the eventual products are 2,1-benzisoxazoles.>* Mass spectrometry has been
used to identify 3-methylbenz-1,2-isoxazole as a decomposition product formed from
substituted 1-phenylethanone oximes on electron ionization. A mechanism was pro-
posed involving intramolecular attack of the oxime hydroxyl group followed by a
1,2-elimination of the ortho-substituent and the hydrogen of the hydroxyl group.?!

Ph CN
|
H ¢ ~ M KMHO4,
€ lig. NH;
NO,~ NO,
€8)) 12)
CN
Ph - (|: —Me
OH
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The reaction of the carbanion derived from diethyl methylphosphonate
with perhalogenated aromatics may result in substitution of halide to yield
perhaloaryl(hetaryl)methylphosphonates, which can be converted into tris- or bis-
(perhaloaryl)methanes.?? Displacement of fluoride ion has been reported in the reaction
of dimethoxycarbene with 1-fluoro-2,4-dinitrobenzene and with hexafluorobenzene.?
The hydrodehalogenation of halogenated aryl ketones may be facilitated using
hydrogen over a Pt/C catalyst.>*

There has been a useful review of phase-transfer catalysis in nucleophilic aromatic
substitution.>> A comparison has been reported of the reactions with nucleophiles
of 1-chloro-2,4-dinitrobenzene (substitution) and 4-nitrophenyl diphenyl phosphate
(dephosphorylation) in neutral micelles of dodecyl (10) and (23) polyoxyethylene
glycol. In the substitution reaction considerable amounts of ether may be formed by
reaction with alkoxide ions at the micellar surface. Differences in reactivity of the two
substrates are probably due to differences in their location in the micellar structures.’®

It has been shown that when nucleophilic aromatic photo-substitution reactions
are carried out in non-deoxygenated solutions of aprotic solvents, such as DMSO
and acetonitrile, destructive superoxide anions may be formed from aromatic radical
anions. Such solvents are best avoided.’’ There has been a review of mechanistic
aspects of photo-substitutions of the cyano group in aromatic compounds.3?

A kinetic study has been reported® of the nucleophilic exchange reaction of the
radionuclide '3'T with 15-(4-iodophenyl)pentadecanoic acid in the presence of Cu(I).
The activation of arenes to nucleophilic attack by complexation with transition metal
ligands is well known. It is reported that potassium hydride will react with Cr(CO)3;—
aryltrimethylsilanes to generate aryl anions which can further react with electrophiles.*
Several new rhodium(IIl) complexes have been synthesized and shown to be effi-
cient catalysts for methoxydefluorination reactions of fluoroarenes.*! The transition
metal-catalysed reactions of nitrogen, oxygen, sulfur, and phosphorus nucleophiles
with aromatic and with heteroaromatic compounds have been reviewed; palladium
or nickel complexes containing phosphine ligands are often used and inter- and
intra-molecular substitutions may occur.*? It has been reported that arene—chromium
complexes may be used effectively as supporting ligands in the palladium-catalysed
amination reactions of both electron-rich and electron-deficient aryl bromides with
secondary amines.*> A new co-catalysed cyanation reaction involving Pd(0) catal-
ysis has been reported, providing an efficient synthetic route to aryl nitriles. Thus
the Cul-Pd(PPhj3), system allows conversion of aryl halides and triflates into the
corresponding nitrile derivatives using sodium or potassium cyanide.**

Heterocyclic Systems

A kinetic study has been reported of substituent effects on the reactions of
2-phenoxy- and 2-(4-nitrophenoxy)-3-nitro-5-X-thiophenes with benzylamine and
with N-methylbenzylamine in benzene as solvent. The intramolecularly hydrogen-
bonded intermediate (14) is postulated. Reactions of the 5-unsubstituted thiophenes
(X = H) are not base-catalysed, indicating that nucleophilic attack is rate limiting,
and the more basic secondary amine shows higher reactivity than the primary
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amine. The introduction of electron-withdrawing groups at the 5-position results in
a weakening of the hyper-ortho interaction between the reaction centre and the 3-
nitro group, so that the strength of the intramolecular hydrogen bond is reduced. A
consequence of this is that reversal of the intermediate to reactants is facilitated and
with N-methylbenzylamine base catalysis, probably by the SB—GA mechanism, is
observed.®

?_
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N |
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X / o @i :@ Clo,~
S \ CHzPh S
OPh Me
(14) (15)

Some 5-(alkyloxy)thianthrenium perchlorates (15) have been prepared in which the
alkyl group may be primary or secondary. Reaction with iodide ions may result in
Sn2 reaction at the alkyl group or SyAr reaction at the sulfonium sulfur atom leading
to the formation of thianthrene.*6

2.,4,6-Tribromo-3,5-difluoropyridine may be prepared by reaction of pentafluoropy-
ridine with a mixture of hydrogen bromide and aluminium tribromide. Surprisingly,
reaction with hard nucleophiles, such as methoxide in methanol or aqueous ammonia,
resulted in exclusive displacement of fluoride whereas reaction with softer nucleo-
philes, such as sodium thiophenolate, gave exclusive displacement of bromide.*’
Fluoride displacement at the 7-position is observed in the reaction of 3-acetyl-5,6,7,8-
tetrafluoro-4-hydroxycoumarin (16) with ammonia or morpholine in DMSO; however,
reaction with ammonia in water, alcohol, or glyme results in attack at the acetyl
group to yield the corresponding 3-(1-iminoethyl) derivative.*® It is reported* that
the rate of nucleophilic displacement of halogens at the 7-position in halogenated
derivatives of N-substituted 4-oxo-1,4-dihydroquinoline-3-carboxylic acid may be
enhanced by the formation of boron chelates such as (17). Acceleration of the alkaline
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hydrolysis of 2-phenoxyquinoxaline has been found in micelles of cetyltrialkylammo-
nium hydroxides and in related cationic micelles; increases in rate constants with
increasing size of the head group were attributed to exclusion of water from the
micellar surface.>®

There has been a study of the mechanism of the activation of carboxylic acids to pep-
tide formation by chloro-s-triazines in combination with tertiary amines. The first step,
exemplified in Scheme 2 by the reaction of 2-chloro-4,6-disubstituted-1,3,5-triazines
(18) with N-methylmorpholine, is formation of a quaternary triazinylammonium salt
(20). Here there is '"H NMR evidence for the formation at —50°C of the intermedi-
ate (19), showing that the substitution involves the two-step SxAr mechanism rather
than a synchronous pathway. The subsequent reaction of (20) with a carboxylic acid
yields the 2-acyloxy derivative (21), which carries an excellent leaving group for the
amide-forming step.!
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R N R R N R
(21)
SCHEME 2

The nucleophilic substitution of hydrogen in pyridazines (22) may be achieved by
vicarious substitution in the dicyanomethylide derivatives.’> As outlined in Scheme 3,
treatment with tetracyanoethylene oxide gives the N-dicyanomethylide (23) which
will react under VNS conditions to give (24); the dicyanomethylene group may be
eliminated by a radical pathway to yield the 4-substituted pyridazine (25). The replace-
ment of ring hydrogen and of good leaving groups has been compared in a review
of the reactions of 1,2,4-triazines with carbon nucleophiles including cyanide ions.>3
The reaction of 6-aryl-1,2,4-triazine-4-oxides with secondary amines in alcohol yields
o-adducts (26), which form isolable ring-opened intermediates (27); oxidative aro-
matisation with permanganate allows the isolation of 1,2,4-triazines substituted in the
3-positi0n.54 The reaction of 3-amino- or 3-methylthio-1,2,4-triazine with electron-rich
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arenes, such as 2,6-dimethylphenol, resorcinol, or indole, may result in the formation
of 4,5-dihydro derivatives.>

Meisenheimer and Related Adducts

A kinetic study of the formation of zwitterionic adducts (28) from 1,3,5-trinitrobenzene
and diazabicyclo derivatives indicates that reactions are surprisingly slow, with rate
constants many orders of magnitude lower than those for related reactions with primary
or secondary amines.”® The use of rapid-scan spectrophotometry was necessary
to study the kinetics of reaction of 4-substituted-2,6-dinitro-N-n-butylanilines (29)
with n-butylamine in DMSO; the two processes observed were identified as rapid
deprotonation to give the conjugate base and competitive o-adduct formation at
the 3-position.’” The reactions of N,N-di-n-propyl-2,6-dinitro-4-trifluoromethylaniline
(30), the herbicide trifluralin, and its N-ethyl-N-n-butyl analogue with deuteroxide
ions and with sulfite ions in [?Hs]DMSO-D,0 have been investigated by 'H NMR
spectroscopy. With deuteroxide o-adduct formation at the 3-position is followed by

. Pr _Pr
H  NR; NHBu N
0,N ! NO, O,N NO, 0,N NO,
NO, X CF;

(28) (29) (30)
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nucleophilic displacement of the N,N-dialkyl substituents, while in the case of sulfite
attack at the 3-position is followed by the formation of isomeric cis- and trans-
diadducts resulting from addition at the 3- and 1-positions. The reactions with
deuteroxide are accompanied by slow aryl H-D exchange.’® Note that o-adducts
have also been observed during the reactions with sulfite of 1-substituted-2.4,6-
trinitrobenzenes.*

Hydride adducts (31) may be formed by the reaction of 1,3-dinitrobenzene with
potassium borohydride; their treatment® with phenyldiazonium salts leads to nitro
group displacement yielding azo-coupled products (32).

The super-electrophile 4,6-dinitrobenzofuroxan (DNBF) has been used to probe the
reactivity of 3-aminothiophenes; their ready formation of adducts (33) by reaction at
the 2-position indicates their strongly enaminic nature.®® Mixing DNBF and hydroxy-
and methoxy-substituted benzenes in DMSO yields adducts (34; R, R!,R? = OH,
OMe). In the reaction with 1,3,5-trimethoxybenzene an isotope effect, ky/kp, of 3.71
is observed, indicating that in the reaction, viewed as an SgAr substitution, proton
transfer of ring hydrogen is partially rate limiting.®! The highly electrophilic benzo-
triazole derivative (35), in which R, R! and R? may include one, two, or three nitro
groups, has been used to monitor reactivities of sterically hindered phenoxide ions.
NMR studies show that for both 2,6-di-¢-butylphenoxide, acting as a carbon nucleo-
phile, and 3,5-di-z-butylphenoxide, acting as an oxygen nucleophile, the propensity

H H H H
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for reaction at the 1’-position of (35) relative to the 7-position increases with nitro
substitution.®?

Benzyne and Related Intermediates

It has been shown that, in the presence of lithium diethylamide at —70 °C, bromoben-
zoic acids form arynes which may react with arylacetonitriles to yield, predominantly,
2-cyanobenzoic acids.* The reaction of alkyl and aryl isocyanides with benzyne may
yield benzamide derivatives, showing their ability to act as charge-reversed equivalents
to isocyanates.%* The generation and cyclization of a benzyne-tethered alkyllithium
have been reported, and lead to a convenient synthetic route for 4-substituted indans.%
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General

Methyl cation affinities of benzene and some substituted benzenes have been calcu-
lated. These follow a simple additivity rule and the value for benzene shows good
agreement with the experimental estimate. Conclusive evidence is presented that these
values are linearly related to the corresponding proton affinities.! The competition
between deuteriation and alkylation in the reaction of radiolytically formed perdeuterio
ethyl cations with N-methylpyrrole and with thiophene has been studied. Deuteriation,
the Brgnsted acid pathway, predominates and intramolecular selectivities have been
determined for each reaction.’

Examples have been given where high and unusual reactivity with electrophiles
is seen when simple, monocyclic benzene rings are bent by short bridges into a
boat-shaped conformation, as in small para- and meta-cyclophanes.> For example,
bromination of [5]metacyclophane occurs at —75°C without a catalyst to give the
bromobenzocycloheptene (1). Ab initio calculations suggest* that chloro and bromo
substituents deactivate a benzene ring to electrophilic substitution not, as commonly
quoted, by the inductive effect but because the energy levels of the valence p-orbitals
of these elements, are higher than that of the w-molecular orbital (7;) of benzene.
For chlorobenzene, ) is then at a lower energy and electron density at the 4-position
is significantly reduced, causing deactivation.

Changes in intramolecular selectivity in the bromination and nitration of alkyl-
benzenes in acidic media have been attributed® to changes in medium polarity or
changes in electrophile solvation. Mass spectrometric studies of the first stage in the
gas-phase reactions of halobenzenes, furan, thiophene and pyrrole with alkyl cations
have been rationalized in terms of co-existing o- and m-complexes.® The extent of
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m-complex formation decreases as the capability of the aromatic to donate electron
density increases. Alkyl group isomerization can occur within the lifetime of the
m-complex. Complete isomerization occurs in the loosely bound w-complexes formed
between halobenzenes and carbenium ions.

Electrophilic substitution in benzo[b]thieno- and benzo[b]furo-[2,3-c]pyridines (2)
occurs mainly at the 6-position, although when this position is blocked by Cl in a
related structure 5-,7-, and 8-substituted products are formed.” The usefulness of triflu-
oromethanesulfonic acid as a new solvent with CFClj for the reaction of fluorine with
aromatics has been explored.® Fluorobenzene gives 1,4-difluorobenzene (31%) and
1,2-difluorobenzene (7%) instead of the addition products mainly observed when the
acid is absent; 1,2- and 1,3- but not 1,4-difluorobenzene undergo further substitution
at appropriate acidity.

Br Me (0]
6 — Me
\ N
Y
X Ph N Ph
R |
@ 2 Cl
X=S,R=Et 3
X=0,R=Me
Halogenation

Kinetic results on the chlorination of aniline by N -chloro-3-methyl-2,6-diphenylpiperi-
din-4-one (3) suggest that the protonated reagent is reactive and that the initial site
of attack is at the amino nitrogen.” The effects of substituents in the aniline have
been analysed but product studies were not reported. Zinc bromide supported on acid-
activated montmorillonite K-10 or mesoporous silica (100 A) has been demonstrated'?
to be a fast, selective catalyst for the regioselective para-bromination of activated
and mildly deactivated aromatics in hydrocarbon solvents at 25°C. For example,
bromobenzene yields around 90% of dibromobenzenes with an ortho/para ratio of
~0.12.

The regioselectivity of chlorination and bromination of N,N-dialkylbenzamides in
aqueous acetic acid is strongly influenced by the alkyl groups.!! Ortho and para
orientation results fairly selectively from substrates with large alkyl substituents. For
example, N,N-diisopropylbenzamide gives o-, m- and p-chloro derivatives in the
proportion 47:11:42.

Kinetic studies of the iodination of benzene and acetanilide by iodine, diiodine
pentoxide, and sulfuric acid in acetic acid indicate that benzene is involved in an
equilibrium reaction prior to the rate-limiting o-complex formation.'? It is proposed
that this equilibrium involves the formation of a w-complex between iodine adsorbed
on diiodine pentoxide and the benzene as it is adsorbed. In the case of acetanilide the
o-complex is formed directly with activated iodine adsorbed on the diiodine pentoxide.
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The kinetics of iodination of aniline and p-toluidine by iodine in acidified aqueous
methanol have been determined'® at various solvent compositions and temperatures.
It was deduced that HOI was the effective electrophile under the reaction conditions.

1,2-Dihydro-2-methyl-2-phenyl-3 H-indol-3-one [the indoxyl (4)] gives 5- and/or
7-sub-stitution on reaction with N-chlorosuccinimide, N-bromosuccinimide, or
N-chlorobenzotriazole.!* Reactions either involved conventional electrophilic
substitution or the intermediate formation of the N-haloindoxyl, which then rearranged
via a nitrenium ion.

N Me

@

Nitration

An authoritative review!®> on homogeneous nitration reactions involving NO*, NO,°,

NO;® and N,Os has appeared. Evidence on the electron-transfer reaction mechanism
under thermal conditions for nitrous acid-catalysed nitration, on nitration by
NO;,*/N,O4 in organic solvents, on nitration by N»Os and on ozone-mediated
NO,*/N,Oy4 nitration is assembled. There has also been a comprehensive review of
the last of these systems, kyodai nitration.'® Theoretical studies'” of the NO,*-NO
electron transfer and related systems show that the activity of NO,™ as an oxidizing
reagent in aromatic nitration is lowered owing to a high activation barrier resulting
mainly from the change in the ONO bond angle. Nitrous acid and 4-fluorophenol
react in trifluoroacetic acid to form 4-fluoro-2-nitrophenol by a mechanism involving
reaction of an intermediate phenoxy radical with NO;,* such as that occurring for
similar substrates in media of lower acidity.'® A review!'® covering reactions of
phenols with nitrogen dioxide also describes reactions of nitrodienones, which may
be intermediates under other nitration conditions.

Vanadium(V) oxytrinitrate [VO(NOs3)3;] has been established as a powerful but
moisture-sensitive reagent which nitrates a range of substituted aromatic compounds in
good yield in dichloromethane at room temperature.’’ The hydrated triflates Hf(OTf),
and Zr(OTf), are excellent recyclable catalysts for the mononitration of o-nitrotoluene
with 1 equiv. of concentrated nitric acid.?!

Examples of the so-called chaperon effect involving interaction between the elec-
trophile and an appropriate substituent at the «-position in an alkyl chain prior to ring
substitution at the ortho-position have been explored in nitrations involving dilute
solutions of nitric acid in dichloromethane.??> Aldehydic or ketonic carbonyl groups
are most effective, but carboxyl, alkoxycarboxyl, and amide groups also work well.
1-Phenylpropan-2-one, for example, forms 85% of 1-(2-nitrophenyl)propan-2-one (5).
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Interestingly enhanced para substitution results from the nitration of 3-phenylpropane-
nitrile. It is suggested that in these dilute solutions the NO,™ donor is some adduct
of lower reactivity than free NO, ™.

Although the intermolecular selectivity of the nitration of alkylbenzenes by nitric
acid in trifluoroacetic acid is controlled by both electronic and steric factors, it is
argued®® that intramolecular selectivity is controlled by steric effects on transition
state solvation.

The formation of 3-nitropyridines by reaction of N-nitropyridinium nitrates with
aqueous sodium hydrogen sulfite solution has been further studied’* with particular
attention to the rearrangement of 1,2-dihydropyridines [e.g. (6) from pyridine]. The
activation parameters, response to medium effects, and regiospecificity of the rear-
rangement here and with related compounds are better explained by a [1,5]-sigmatropic
shift, (6) — (7), than by formation of a radical pair intermediate. In contrast to
the reaction with nitric acid, 3-phenyloxetane (8) reacts with dinitrogen pentoxide
in dichloromethane to yield quantitatively 3-(2-nitrophenyl)oxetane (10%) and 3-(4-
nitrophenyl)oxetane (90%), with oxetane-ring opening occurring subsequent to the
aromatic nitration.?

CH,COMe o
NO, | S = NO,
S . N
III (S037) N (SOy)
NO,
©) (6) (7
o)
®

Alkylation, Acylation, and Related Reactions

The lifetimes of typical ion—neutral complexes CH3C¢Hs.Co Y, X" (X = H, Y = D;
X =D,Y =H) in the alternative mechanism of gas-phase electrophilic alkylation
which has been reported over the last 3 years (Organic Reaction Mechanisms 1995,
p- 252, ref. 31; 1996, p. 168, ref. 40; 1997 p. 259, ref. 3) have been estimated
(~10~'"'s at 393K) by a kinetic approach which uses the rate of H/D scrambling
in C,H;D* or C,HD4" as an internal clock.’® The addition of various promoters
(Brp, C,H;5Cl, CCly, Ph3CCl) to aluminium chloride or aluminium chloride—silica
in the alkylation of benzene with pentane and 2-methylbutane gives a 1.5-4.4-fold
increase in alkylbenzene yield.?’
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A continuous procedure for the alkylation of mesitylene and anisole with super-
critical propene, or propan-2-ol in supercritical carbon dioxide, with a heterogeneous
polysiloxane-supported solid acid Deloxan® catalyst has been reported®® giving 100%
selectivity for monoalkylation of mesitylene with 50% conversion at 250°C and
150 bar by propan-2-ol in supercritical carbon dioxide. p-Toluenesulfonic acid mono-
hydrate has been demonstrated as an efficient catalyst for the clean alkylation of
aromatics using activated alkyl halides, alkenes or tosylates under mild conditions.?
Cyclohexene, for example, reacts with toluene to give 100% cyclohexyltoluenes
(0:m:p-29:18:53) under these circumstances.

Various phenols with electron-donating or -withdrawing substituents were vinylated
at the ortho-position with ethyne using an SnCl;—BusN reagent.*® Trichlorostan-
nylethynes (9) and phenoxytins [e.g. (10)] are suggested as intermediates, the latter
then undergoing electrophilic substitution by attack of the f-carbon of the former.
Ortho attack is much favoured and 2,6-dimethylphenol reacts via the ipso cyclo-
hexadienone intermediate (11). The results from hydroxymethylation of monocyclic
aromatics with formaldehyde in benzene—aqueous sulfuric acid depend®! on the phase-
transfer catalyst, sodium tetraperfluorophenylborate, (C¢Fs)4B~Na™, or dimethylstear-
yltaurobetaine, C1gH37(CH3)>,NTCH,CH,SO,~, being studied. Results are interpreted
in terms of an ‘early’ transition state for reactions with the former reagent and a ‘late’
transition state for the latter.

0SnCly Me Me
RC=CSnCl;

® |
C13Sn SIIC13

10 an

A review has appeared® of the mechanism of synthesis of a-tocopherol (12) from
trimethylhydroquinone (13). This suggests that the reaction in the presence of a Lewis
acid differs from that in the presence of Brgnsted acids and involves intermediate
formation of an ether (14), which undergoes Claisen rearrangement and then ring
closure. The stereoselectivity of reaction of N-arylsulfonimidoyl chlorides (15) with
alkenes (16) to form benzothiazines (17) has been investigated.’> With trisubsti-
tuted alkenes steric effects seem definitely to cause a reaction pathway involving
a carbocationic intermediate which may also precede o-complex formation. The
ionic liquid system 1-methyl-3-ethylimidazolium (18) chloride—aluminium(III) chlo-
ride is an excellent medium for the acetylation using acetyl chloride of a range of
aromatic substrates.>* Excellent yields and selectivities are observed. In the case of
anthracene the reaction is reversible and the 9-acetylanthracene initially formed under-
goes a slow disproportionation to anthracene and mainly 1,5-diacetylanthracene. The
acetylation of 2-methylnaphthalene by acetyl chloride with various catalysts has been
studied, changing solvent, mode of addition, concentration and the catalyst.35 Under
appropriate conditions the formation of mainly either 1-acetyl-2-methyl- or 2-acetyl-
6-methyl-naphthalene can be achieved, accompanied by other minor products.
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Me Me Me
HO HO HO N
Ci6H33 Ci6H33
Me (0] Me Me OH Me O Me
Me Me Me
(12) 13) (14)
Cl R® R ,
O/ R3 RS R
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R
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Other Reactions

Ab initio calculations have been performed on the ipso protonation of toluene and
mainly disubstituted derivatives and suggest®® that a simple scheme of additivity of
substituent effects is operative. The results suggest that protonation ipso to methyl is
not thermodynamically the most favourable pathway provided that there is a single
unsubstituted position on the ring. Radiolytic studies’” of H/D exchange between
substituted arenium ions and various bases together with NMR analysis provide infor-
mation about the site of protonation. This is found to involve the most basic ring
positions ortho/para for alkyl substituents and ortho/meta for electron-withdrawing
substituents.

The kinetics of the diazo coupling of aryldiazo phenyl sulfides with 2-naphthol
in acidic media have been reported and indicate that the sulfides are fully proto-
nated in a pre-equilibrium stage of the reaction.®® Synthetic routes to four stable
trifluoromethylating agents have been established.’® These reagents, substituted S-
(trifluoromethyl)diphenylsulfonium triflates [e.g. (19)], react with a range of reactive
aromatics to give, for example, 2- and 4-trifluoromethylaniline from aniline. The
ability of these reagents to transfer a CF; group is enhanced by electron withdrawal
in the phenyl groups. Rates of reaction of 4,6-dinitrobenzofuroxan (20) with a series
of activated substituted benzenes have been reported;4° (20) is more reactive and less
selective than H;O™" towards these substrates. In the case of 1,3,5-trimethoxybenzene
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a primary kinetic isotope effect is observed, indicating that reversion to reactants and
proton loss from the Wheland intermediate occur at comparable rates. The compound
(20) reacts with 3-methoxythiophene but here the first step is rate limiting.*! The
solvent effect suggests a highly polar transition state where the development of nega-
tive charge on the dinitrobenzofuroxan moeity and of a partial positive change on
the thiophene ring occur together. The results allow the estimation of the carbon
basicity of the thiophene and support the view that it exhibits some vinyl ether
behaviour. The aluminium chloride and antimony pentafluoride-catalysed reaction
of p-toluenesulfonyl chloride with benzene and toluene in dichloromethane gave
higher toluene/benzene rate ratios and proportions of meta sulfone products than
in the literature.*> The probable electrophile for the former reactions is a molecular
complex between p-toluenesulphonyl chloride and aluminium chloride with coordi-
nation through oxygen. The reaction of benzene and substituted benzenes with the
Baylis—Hillman adducts of N-tosylimine derivatives [e.g. (21)] in the presence of
sulfuric acid gives stereochemically defined substituted benzylalkenes [e.g. (22)] in
moderate yields, the stereochemistry depending on the electron-withdrawing group
present in the adduct.** Ab initio calculations on the intramolecular nucleophilic
displacement of a protonated oxime oxygen with an aryl ring to give a spiro inter-
mediate demonstrated that the substitution on the sp? nitrogen atom is a low-energy
process.** Experimental results on the effects of changing the acid catalyst on such a
reaction of (23) and the competing Beckmann rearrangement were reported.

SS0s Q

CF3S0;™
19) (20)
NHTs I
CN Nem -
Ph JC=C HO N7 “Me
Ph CN /!
'oH,
(21 (22) (23)

The formation of 2-(indolin-2-yl)indole dimers from indole-3-acetic acid and its
propyl ester in trifluoroacetic acid and phosphoric acid has been studied.* The reaction
involves electrophilic attack of the protonated species (24) on the free substituted
indole to give the frans stereochemistry at the C(2)—C(3) bond.
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Introduction

A recently published book on vinyl cations and related species' contains several rele-
vant reviews, which will be detailed below. A comprehensive review of the interactions
between carbocations and anions which take place in crystals has been published,’
and a review commentary concerning the heterolytic bond dissociation energies of
the weak carbon—carbon o-bonds in species which dissociate to stabilized carbocat-
ions and stabilized carbanions has appeared.> Another review wonders whether or not
acid catalysis via organic cations and electron-transfer catalysis via cation radicals are
distinctive mechanisms in alkene isomerization processes, and suggests that rigorous
experimental evidence be obtained before assigning one of these mechanisms.* A
computational study suggests that interaction with 7 systems can considerably stabi-
lize carbocations, for instance in the complexation of methyl cation with benzene
which occurs in the gas phase.’

297
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Simple Carbocations

Hydrogen—deuterium exchange processes occur during the reaction of methyl cation
with methane to give ethyl cation and molecular hydrogen in the gas phase, and the
exchanged products do not quite have a statistical H/D distribution.® The reaction
of [*Hs]methyl cations with sec-butylmethylamine in the gas phase mainly gives
primary and secondary amines, but that of [*H]butyl cations with dimethylamine
mostly results in the substrate becoming labelled.” A high-level calculation concerning
the elimination of molecular hydrogen from ethyl cation has been performed.® The
reaction of perdeuteriated ethyl cations, formed radiolytically, with thiophene and N-
methylpyrrole in the gas phase leads to exchanged and alkylated products, and the
conclusion was reached that ethyl cations are Brgnsted acids more than they are Lewis
acids.’

Calculations suggest that in the gas phase the 2-propyl cation forms ion pairs with
FBH;~ and LiH, ™ anions, in which the geometry of the 2-propyl cation is somewhat
different from that which it adopts in the free state,!? and that even in solution the
2-propyl cation exists mostly in the ion-paired form, as suggested by ab initio calcu-
lations of its 3C NMR spectrum.!' The C3Hy* (protonated propane) cation is not
an H-proponium species but has an energy-minimum structure with a proton located
essentially equidistant between two carbons; however, the van der Waals complex
between 2-propyl cation and molecular hydrogen is only 0.3 kcalmol™! higher in
energy.'> An ab initio study of the rearrangements of pentacoordinated carbonium
ions suggests that products formed in superacid or zeolite media result from the
protonation of accessible C—H bonds rather than the inner C—C bonds of alkanes.'?

The gas-phase dissociation processes of the butyl cation have been the subject of an
experimental and theoretical study.'* Most butyl and isobutyl species give a mixture
of s- and t-C4Ho" in the mass spectrometer; these may decompose to methane and
a C3Hs™ species with the prop-2-enyl cation structure (not allyl), but metastable
C4Ho™ can give ethylene and a non-classical ethyl cation with a proton bridging the
two carbons.'* In Friedel—Crafts reactions, 2-¢-butyl-1-tosylaziridines give a variety
of products resulting from two-step 1,2-shift processes and recombinations in the
intermediate carbenium ions.!"> Thermally, N-nitroamines apparently decompose by
way of a carbocation intermediate,'® a different mechanism from that found in the
acid-catalysed solvolyses of these substrates.!”

Benzyl Cations

The «-methylbenzyl cation (1) can be approached from the alcohol dehydration direc-
tion or the alkene protonation direction, as shown, and both of these processes have
been the subject of ab initio molecular orbital calculations.'® It was found that the
alcohol dehydration has a transition state about half way between the two structures
shown, with the transition state and the carbocation having about the same amount
of m-orbital overlap. However, the alkene protonation has an earlier transition state
with less effective m-orbital overlap than that in the cation. This is held to explain the
different Yukawa—Tsuno r* values found for the two processes, 0.7—1.1 for alkene
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hydrations and 1.0-1.4 for solvolyses.'® Semiempirical studies of the a-methoxy-
a-methylbenzyl cations (2) have enabled the twist angle between the ring and the
substituents on the carbocation centre to be calculated as a measure of the resonance
interaction in these species.19 The stabilities of the o-, m-, and p-tolyl cations, and
the tropylium ion, relative to the benzyl cation have been calculated and found to be
o <m < p.** An AM1 MO study of the bond dissociation energies in a number of
different benzene and toluene derivatives (R—Y, with R = Ar and ArCH,) has been
carried out in order to see how well the principle of maximum hardness applies to
them.?! Modern molecular mechanics calculations on a number of benzylic and cyclic
delocalized cations have been shown to agree well with ab initio calculations on the
same species.??

+
MeCHOH, -H,0

| \ Y. OMe
Ph MeCHPh ®_Q<
+y’ Me
PhCH =CH, ey (2)

3 “)

Hammett p* values referring to the formation of the intermediate (or transition
state) (4) during the solvolysis of (3) have been measured to be between —1.5 and
—1.8, the same as those observed for benzylic squalane derivatives; these are typical
values for biomimetic cyclizations of this type.?? Solvolysis of (5) in MeOH—MeCN
mixtures leads to H/D isotope effects, activation parameters and p* values typical
for Sx1 solvolysis processes; an observed Winstein—Grunwald m value of >1 is held
to suggest positive charge delocalization on to the ring.>* The decomposition of (6)
leads to a nitrogen-separated benzyl cation—benzoate ion pair, and the benzyl cation
behaves as an essentially free species, useful, for instance, in the direct alkylation
of acid-sensitive heterocyclic compounds.?® The ionization of a-chlorobenzyl alkyl
ethers gives contact and solvent-separated ion pairs with great ease, as compared with
the thermal decomposition to benzaldehyde and alkyl chloride that can also occur with
these molecules.”® The topomerization of these substrates was studied.?® Hydride ion
can attack the crowded cation (7) from either side, and the steric influence of the Y
substituents on the reaction of these with hydrosilanes and sodium borohydride has
been investigated.”’
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5) (6)

Trityl, Fluorenyl, and Related Cations

Triarylmethylamines (Ar;CNH;) deaminate to trityl cations in dilute aqueous perchlo-
ric acid; the rates of this process have been studied and pK values in aqueous MeCN
determined.?® The reaction was studied in more detail for the 4,4’-dimethoxytrityl
cation and the kinetics of its formation, equilibria, and deuterium isotope effects were
determined.?® Ton-pair formation may occur in this system.?’ The hydride affinities of
45 trityl cations have been measured in MeCN and DMSO; the resulting free energies
are a linear function of the pKg-+ values.’* Bis- and tris-(2,4,6-trimethoxyphenyl)carb-
enium ion salts (called ®,CHX and ®3CX, X being an anion) have been found to have
unusual stabilities and reactivities.?! For instance ®,CH*ClO,~ is recrystallizable
from hot methanol; ®,CHTCI~ and ®,CH"NO;~ decompose to ®3;CH in aqueous
HCI or methanol, or can be reduced to ®,CH, in primary or secondary alcohol
solvents. In aqueous NaOH, (8) is formed.?!

MeO Y
Ph
\ Cl

C= 0]

Ph/ MeO O i< Q.O

@®) ® (10)

The highly crowded tris(1-naphthyl) and tris(2-naphthyl) cations, e.g. (9), can be
prepared by treating the alcohol precursors with FSO3;H-SO,CIF between —78 and
—20°C.* 9-Aryl-9-chlorofluorenes (10) give the corresponding fluorenyl cations as
solvolysis intermediates; a linear plot of the logarithm of solvolysis rate constants
against o+ was found, but a good Winstein—Grunwald correlation was not observed.*
The experimental evidence and the results of theoretical calculations were interpreted
in favour of the fluorenyl cation behaving much like the diphenylmethyl and trityl
cations.** An interesting photochemical pinacol rearrangement involving the fluorenyl
cation (11) has been observed.>*

The reduction of xanthylium cations by BNAH apparently involves rate-determining
electron transfer followed by fast hydrogen atom abstraction.>> Conformational studies
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on the pyrenyl carbocations (12) have been carried out by means of semiempirical
calculations and by NMR investigation under stable-ion conditions.>® These fairly
stable crowded species are twisted, and there is a high enough barrier to rotation
that exo- and endo-phenyl groups can be distinguished by NMR. The most extensive
charge delocalization was found in (12; R! = R? = R? = H).’® Charge delocalization
in the phenanthrene species (14) is much more extensive than it is in (13); some of
the O-protonated species (13) do not readily undergo cisoid—transoid rotations.’’
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Carbocations Containing Silicon, Tin, etc.

Several review articles on different aspects of this topic have appeared. A compre-
hensive review covers carbenium ions stabilized by heteroatoms,*® and the chemistry
of R3Si™ as a bridge between organic and inorganic chemistry is discussed.*® A more
specialized article reviews attempts at the isolation and detection of silyl and germyl
cations.*” A calculational study of the tropylium, silatropylium, and germatropylium
cations shows that for C;H;™ the tropylium ion structure is the global minimum and
that the benzyl cation structure is fairly close to it in energy, but that the opposite is
true for CgH;Ge™.*! For C¢H;Si™ all of the isomeric structures were found to be very
close in energy.*! In the gas phase the relative stabilities of a series of cations (15)
have been compared with that of the parent ion (Y = H) by being allowed to equili-
brate with it.*> The p and r* values found were significantly smaller than those found
for the carbon analogue, and it is surmised that there is no significant rr-delocalization
of positive charge into the ring in (15).*> In a study of the y-effect it was found that
the unimolecular solvolysis of (16) takes place more than 10* times faster than does
that of (17), and that the C—O bond in (16) is lengthened with respect to that in (17).*3

Me \S+. _ Me
! Me MMe;
M OR OR
MC3M Me
Y (16) an
(15) M = Si, Sn; R = SO,C¢H;NO»-p, COC4H,NO,-p

Carbocations Containing Other Heteroatoms

+
The recent preparation and characterization of the simple acylium systems H-C=0

+ +
and F—C=0 has been reviewed.** A study of the cations RCMe, (R =H, Me,
CD) has shown that «-substitution by Cl provides about as much stabilization as
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does substitution by Me in these species.*> An experimental and theoretical study
of the addition of the cations and radical cations of carbon to nitriles shows that
addition takes place on the nitrogen; for instance, Met adds to MeCN to give

(Me—C = N—Me < Me—(JEZN—Me).‘“’ In the gas phase the 2-bromobutane
cation C4HoBr* may lose Br to give sec-butyl (C4Ho™) or, at slightly lower ion
energies, lose HBr to give a butenyl cation by a concerted process which may involve
tunnelling.*’” Some heats of formation at 0K were also determined.*’ Protonated
carbamic acid (18) has been studied theoretically and by 'H,'3C and ''N NMR
spectroscopy.48

T" L, o)
FSO;H-SO,CIF o,
C //C \\\ 02N NOZ

/ (e} -
HLNT ocMe; 78 N7 OH i
(18) 19)
N H Ar H
_ / + /
4 Vo ar—c=N—C +H Ne=fi=c
Ar H / \
(20) 1) 22)
A=B +R’OH | -H"
N H OR’
Ar \(/ Ph Ar N B |
\ B; Jc=N |c Ph
H H

The ethylene bromonium and 1-bromoethyl cations and their neutral and anionic
counterparts have been the subject of a tandem mass spectrometric study of dissocia-
tion and gas-phase redox reactions.*” IR and Raman studies of the bioactive bromo-
nium cation (19), as its hydrogensulfate salt, agree with the results of an X-ray structure
determination, and theoretical calculations are also in agreement, except for the details
of the NO, groups.’® The azaallenium ion (22) is an intermediate in the photolysis of
(20); (21) and (22) could both be seen.’' Flash photolysis of (23) leads to (24), (25),
and (26), all of which could be trapped by nucleophiles; (27) was not an intermediate.>
NMR lineshape analysis of the spectrum of (28) leads to reaction rate constants of
formation for both the intimate ion pair (29) and the solvent-separated ion pair (30).%

Destabilized Carbocations

These are carbocations with formally electron-withdrawing groups situated o to the
positive charge centre. The presence of the «-CF; group in (31) and (32) causes
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Cl Cl

(31) (32) (33

Yukawa—Tsuno plots of the logarithm of the solvolysis rate constants of the corre-
sponding tosylates (in 80% aqueous ethanol at 25°C) to be bilinear, owing to the
changing coplanarity with substituent of the two aryl m-systems with varying elec-
tron demand.>* The C,H,NS™ and C,H,NO™ potential-energy surfaces have been
compared. For the thioformamidylmethyl cation an S-bridged species was found
to be lowest in energy, but for the formamidylmethyl cation itself the low-energy

structure is a solvated H2C=1J\FIH2 ... CO0.> Benzylic a-chlorothioamides solvolyse via
intermediate carbocations such as (33); species such as this apparently do not have
carbonyl conjugation as a cation stabilization feature.’® The a-thioamide-substituted
benzyl cation (34) has been studied under solvolysis conditions; one of the reaction
products is (35), and this undergoes a unique dimerization by reacting with another
(34) to give (36), the mechanism of which has been worked out.>’ In another study
(34) has been found to be fairly reactive, only m-nucleophiles with nucleophilicity
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NMez
S
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S NM62
(36)

parameters >6 being able to capture it during solvolysis.”® The presence of the a-
sulfur in (37) reduces its reactivity relative to the molecule without it by a factor
of 1072, but the reactivity reduction for (38) is only 1072°.% This difference is
attributed to stabilization by sulfur bridging as in (39), possible in the latter case but
not the former.>

S S S +
S
¥
TfO TfO

37 (38) 39)

Allylic Systems

The allylic cation (40), formed in a specific acid-catalysed process, is relatively
stable thermodynamically, stable enough towards trapping by nucleophiles that the
reaction product obtained is almost invariably the naphthalene elimination product.®
cis-Enediynes (42) are formed regiospecifically when the allylic cation (41) is trapped
as shown.®! The ‘walking’ of methanol around optically active 1-methyl-3-ethylallyl
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cations can be seen in the gas phase, leading to distinct hydrogen-bonded complexes;
the kinetics and mechanisms of the various racemization and regio isomerization
processes observable are reported.®” The products are (S)-trans-hex-4-en-3-ol and
(R)-trans-hex-3-en-2-01.°2 Some stable allylic [60]fullerene carbocations, CgoArs™,
have been observed.®

Vinyl, Aryl, and Related Cations

Many valuable reviews of the chemistry of these species are given in the new book
Dicoordinated Carbocations.! An introduction by Grob® is followed by reviews of
various theoretical studies of vinyl cations,® their gas-phase chemistry,* their genera-
tion by nuclear decay,®’ and their NMR spectroscopic characterization.®® Vinyl cation
production by addition to acetylenes and allenes,® by solvolysis,”® and photolytically’!
are covered, together with the chemistry of the species generated in these various ways.
The next chapter deals with the synthetic applications of vinyl cations,’? and alkynyl
and aryl cations are covered in the last chapter.”> A review of the NMR spectroscopic
and quantum-chemical investigation of vinyl cations in superacid media (also of dienyl
and 1-cyclopropylvinyl cations) is published separately,’* as is a review of alkynylcar-

benium ions, e.g. [RIRZE—C =C-R’ & R1R2C=C=6—R3], and related unsaturated
species.”> The structural sensitivity of 1,2-aryl rearrangements in triarylvinyl cations
has been examined; (44) may be an intermediate or a transition state in the intercon-
version of (43) and (45), depending on the substituents present, and it may be chiral
or achiral depending on the bulk of the ring substituents.”® The gas-phase chemistry
of dehydrobenzoyl cations has been examined; these are distonic ions with dual free
radical and acylium ion reactivity.”’



9 Carbocations 307

Ar! —
>:+ o “,
N~V

Ar?
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Arenium Ions

The thermodynamic stabilities of phenonium ions relative to the parent have been
determined in the gas phase by measuring the position of the equilibrium between
(46) and (47).”® The results followed a Yukawa—Tsuno relationship with a p value of
—12.6 and an r* value of 0.62, the general behaviour being more like benzenium ions
than benzyl cations, with 7-delocalization less effective than in benzyl cations.”® A
theoretical study of the elimination of molecular H, from the benzenium ion C¢H;*
shows that the barrier to this process appears to be very small.”” The gas-phase
Friedel—Crafts alkylation reaction of CF3Cg¢L¢* (L = H or D) with C;L4 is accom-
panied by isotopic scrambling, which has been used to elucidate the mechanism of
this process.®? A theoretical calculation shows that the lifetime of triplet phenyl cation
must be very short.%!

+ PhCHzCHzBr

Nitrenium Ions

The nitrenium ion TNH, has been the subject of a detailed, comprehensive calcula-
tion.%? Calculations on (48) with 15 different X substituents reveal a large substituent
sensitivity, and also that aqueous solvation preferentially stabilizes the singlet state.®3
This substituent sensitivity agrees with the results of a time-resolved IR study of the
diphenylnitrenium ion (49), which shows that resonance contributors such as (50) and
(51) are very important to the overall structure.?* Substituted 4-biphenyl nitrenium ions

H H
KN RN Ph Ph Ph
N. ~ ~ ~
+ I\f N N N
| |
- +
B X X+ | +

(48) (49) (50) (51)
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(48; X = CgH4Y) have lifetimes of 0.6 ms (Y = 4-OMe) to 26 ns (Y = 4-CF3).% They
are quenched by azide ion at the diffusion limit. The Yukawa—Tsuno r* value for these
is 2.8, also consistent with a large amount of resonance delocalization.> Photolysis
of (52) results in the N-methyl-N-phenylnitrenium ion (53), which presumably gives
the observed products (54), aniline and N-methylaniline as shown.

| AN . \> c”
. —2,4,6-collidine H,
N

Me tetrafluoroborate

Me
|
N\ “BF4 (53)
©/ +Nu~ IFI
(52) intersystem N
i NN
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N P
Ph—N—Me N
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+H* H0
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" 4 PhNH,
H H "
IL H N/ M. phNEMe
N
PPN
Ph7 "t T Me Ph+ Me

. TFA
(RCH,),S —N Y

x-
(55)

*CHR CHR

A different method of generating a nitrenium ion has been demonstrated; the
sulfur—nitrogen bond in (55) cleaves and then a novel intramolecular hydride shift
to the arylnitrenium ion centre takes place.’” The nitrenium species (56) undergoes
two nucleophilic additions to the double bond to give the product (57).8 Two studies
concerning the physiological effects of nitrenium ions in vivo are reported.®* Prod-
ucts are formed from both the ion-paired nitrenium ion (59) and the free ion (60)
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during the reaction of (58); the kinetics of these processes were studied.®® The N-
acetyl-N-(2-fluorenyl)nitrenium ion readily adds to monomeric 2’-deoxyguanosine.”®

Aromatic Systems

The phosphirenylium cation (61) can form when the halogenated precursor is treated
with liquid SO,.°! High-level theoretical calculations show that the aromatic character
is due to a three-centre two-electron m-type bond; the resonance energy is fairly high
at ~38 kcal mol~'.°! The trichlorocyclopropyl cation (62) is substantially more stable
than are the #-butyl or adamantyl cations, according to a theoretical study and some
FTICR experimental measurements.’? Trinaphthophenalenium trifluoroacetate (63) is a
dark-violet solid; the cation represents a new n = 7 aromatic system.”> The tropylium
ion, C;H; ™, is the subject of a recent theoretical calculation; the spectral assignments
were updated.”* The substituted tropylium ion (64) rearranges to (65) on heating.”
C;Ph;*, the heptaphenyl tropylium ion (66), is not planar but has a seven-bladed
propeller structure.”® According to theoretical calculations (67) has the positive charge
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delocalized over the whole molecule if the substituent is in the 2-position, but in the 1-
position delocalization is partly limited to the first ring.”” Monocyclic (CH)o ™, which
is difficult to draw but an attempt is given as (68), is an aromatic Heilbronner Mobius
[4n]annulene.”®

Cyclic Systems

Molecular mechanics and ab initio calculations on the cyclopentadienyl cation have
been carried out; an allylic structure is favoured.”® Calculations referring to the initi-
ation of polymerization of 1,1-disubstituted cyclopropanes by cations (also neutrals
and anions) are reported.mo Rate constants for the solvolyses of (69) show reason-
able Yukawa—Tsuno correlations, interpreted in terms of the less reactive substituents
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(70)

preferring the cyclopropylmethyl cation pathway (70), and the more reactive ones
preferring to react by way of the allylic cation species (71).10!

The salts of the diazepines (72; R' = R®> = H, R> = Ph) and (72; R? = H, R! =
R? = Ph) have been compared; Ph in the 6-position has less conjugative interaction
than it does in the other positions, but electrophilic substitution still occurs readily
in both molecules.!%? Crystal structures of the 2,3-cyclohexano derivatives, as the
picrates, are reported.'”” The crystal and molecular structures of the 2,3-dihydro
derivatives have also been determined.'®® The very interesting 2,6,10-tris(dialkyl-
amino)trioxatriangulenium ions (73; R = diethylamino) and (73; R = N-pyrrolidinyl)
are reported.'® The X-ray structure of the latter shows that the ion is planar, and
the former is so stable that its pKgr+ value of 19.7 is 10 orders of magnitude higher
than that of any other reported carbocation, and has to be measured in strong base
media.!® Stereospecific ring opening in buffer media of the diol epoxide precursor
gives the cation (74), which can be trapped as shown; the ring opening becomes
reversible in more basic amine buffers.'” The 2-deoxyglucosyl oxocarbenium ion is
not solvent-equilibrated in water, hydrolysis of the a- and S-anomers not involving a
common intermediate.!'%

(72)
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OH

HO.,

H,0 W

. / HO'

HO.,
g OH
N N
HO _ 3
N3

OH 2 HO.,,

(74) .

O™
OH

Dications

Some benzylic mono- and di-cations have been studied by the '*C NMR/DFT/IGLO
technique.'”” Of the stable dications, the trimethyl species (76; R = Me) was found
to be the major resonance contributor to the structure of (75), and the same was
found to be true for the trimethoxy derivative. In the related monocations, for (77) the
major resonance contributor was (78), and this was also the case for the pentamethyl
and 2,5-dimethyl-4-¢-butyl compounds.'”” The dication (79) and the trication (80),

R *CH,
+ +
HzC CHZ H2C X . Me l Me
R R ’ Me Me
(75) +CH2
R=M M
e, OMe 79)
+CH2 CH2 Me
Me Me Me Me H,C*, O *CH,
Me Me
Me Me *CH,
77) (78) (80)

however, could not be prepared.'”” Treatment of the aldehyde precursor with the
strong acid system trifluoromethanesulfonic acid-—trifluoroacetic acid causes a mono-
cation—dication equilibrium to be set up, and (81) ring closes to give the fluorene via
dication (82).1% A strange-looking dication derived from hexakis(methylthio)benzene
is proposed as a possible reaction intermediate in a Pummerer-type rearrangement.'®
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o) R, HOL_ R,
H+
ST TFSA—TEA | N
R2 - R? R? 7 R?

(81)

0 R! HO._, R!
C Q —2H* :

R? R? R HoH R?

(82)

(0 QLI

(83) (84)
Y =H, Me, F X = (CH,)g, O, CMe,, (CH,),, (CH),

The difluorenyl dication (83) results when the parent fluorenylidene is treated with
SbFs in SO,CIF.!'" The two ring systems are at right-angles to one another, and the
significant paratropicity observed is attributed to an antiaromatic ring current.''® The
related systems (84) behave similarly; substituent effects are held to be transmitted by
cross-hyperconjugation.'!! The parent aldehyde, with chemical shifts for the 15,16-
methyl groups being —3.91 and —3.90, is monoprotonated on the carbonyl group in
FSO3;H in SO,CIF, chemical shifts —1.95 and —1.87, and diprotonated to (85) in
FSO3;H-SbFs (4:1) in SO,CIF, with methyl chemical shifts of +0.48 and +0.10.!12
This was typical of several compounds studied.!'? Similarly, nitropyrene gives (86)
in 1:1 FSO3H-SbFs.'13 With SbFs in SO,CIF at —30°C several benzoanthracene
derivatives give delocalized dications, e.g. (87).!'%

Adamantyl Systems

The X-ray structure of the bridged chloronium cation (88) is reported; it is described
as being ‘unsymmetrical’ and ‘non-classical.”'!> It shows distinctive electrophilic
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(85) (86) (87)
1 SbClg~
(88) (89) (90)

chlorination reactivity compared with singly bonded chloroarenium cations.!'> The
1-adamantyl (89) and 2-adamantyl (90) cations have had their gas-phase heats of
formation determined; they are 152 & 3 and 171 & 3 kcal mol ™!, respectively.''® The
stereoselectivities of the destabilized 1-cyano-2-adamantyl and 3-cyano-4-protoada-
mantyl carbocations have been examined; (91) gives only (93), but (92) gives both
(93) and (94).'"7 The endo selectivity found previously for (95) was not observed.'!”
The mechanism of solvolysis of 2-adamantyl azoxytosylate (96) has been determined
to be as shown, primarily from isotopic labelling and medium-effect studies.!'® The
observed m value was only 0.46, one of the lowest observed for an unambiguous Sy1
mechanism.''® Solvation effects in the heterolysis of some adamantyl and alicyclic
substrates have been studied,''® and salt effects in the Sx1 solvolysis of adamantyl
tosylates have been investigated.'?°

CN
X
CN
B “OTs
93)
X
CN 95)

92) 94)
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0 0 0 0
P + N = =
N7 T S0.Ar N H NT - NT
I I | |
N N N H N_ .,
ad” o ad” o Ad” Do~ Ad” OH,
96)
“H,0
.
AdOH Ad + N,O Ad—N=N=0

2

Bicyclic Systems

An ab initio study of the 1-azabicyclo[1.1.0]butyl cation (97) and its isomers shows
that (98) and (99) are much less stable than (97), and that the transition states
between (97), (98), and (99) are too high in energy to allow (99) to form.'?! The
3-halobicyclo[1.1.1]pent-1-yl cation (101) has been shown to be an intermediate in
the addition of halogens to (100).'?> The only product observed was (102); no rear-
ranged products were detected.'?? The Diels—Alder-type reaction of (103) to give
(104) is said to involve several carbenium ion intermediates.!>

Me 3
R3 Me R- 3 R?
\‘N R? \Itl + R
. + R2 %
V Me -2 N R]
Rl .o
R!
(98) 97) (99)
X-Y Y™
& 2 s B e n o
(100) (101) (102)
XorY=1Br,Cl
H H
H — - CH=—CH,
H
MCOZC_CEC_COZMC MOCH
4 days, 20°C, dioxane, 51% TN
!
/C ~ H
MCOzC

(103) (104)
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+
J +
L&OM 4& 4&
OMe OMe

(105) (106) 107)
OH +H* *OH, -H,0 . -
Me Me
Me Me +
(108) (109)
2 R2 R2
R? R?
THO/CH)Cl —H*
R? R?
R3CN
Rl +
R! OTf OTf
OTf
(110) (111)
R!'=R2=H,R3=Me R'CN +

R!'=R?=H, R = p-CIC¢H, ) R?

R2 R2 R + 7
R'=R3=Me,R>=H R? -
R'=R?=R*=Me R!

(112)

R!" OTf

\f (114)
R? (115) \
(113) R-’CV

R2
R R? R R? ’
R2 workup R2 TfO
.
NHCOR? N=C—R? l
TfO TfO l

(116) enantiomer of (116)
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The kinetics of the hydration of exo- and endo-5-methoxy-2-norbornene and 3-
methoxynortricyclane in aqueous perchloric acid have been subjected to an excess
acidity analysis.!?* For instance, the hydrolysis mechanism of (105) probably involves
the intermediacy of the cations (106) and (107).'>* A similar kinetic analysis shows
that the resonance-stabilized cation (109) is a likely intermediate in the acid-catalysed
hydrolysis of 3-methyl-2-nortricyclanol (108).'>> The complex series of rearrange-
ments, hydride shifts, proton eliminations and cation trappings that take place when
the norbornyl ketone (110) is treated with triflic anhydride in nitrile solvents has been
examined.'?® The primary products are (111), (112), (113), (114) and (116), the last
in two isomeric forms, the relative amounts formed depending on the fate of the
cation (115). The different possibilities are in delicate balance and the product mix
actually observed depends on the substitution pattern, among other factors.'”¢ The
effect of ortho substituents on the direction of 1,2-migration in the rearrangement of
the 2-exo-arylfenchyl alcohols (117) has been examined; cation (118) is the common
intermediate and the observed product again depends on the substituents present.'?’
Spirocyclobutane-substituted cations (119) and (120) mostly give products in which

Y
+H* Rz
-H,0 N
OH ZR
Y
117 (118)
LE% N
Y
Z=0;R=Me Z=NH,O;R=H
D,0
oD
D/2
N— NHTs D D/2
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the spirocyclobutane ring is retained, much less ring expansion being observed than
128

in the equivalent cyclopropane analogues.

HO

N—NHTs
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