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Preface

The present volume, the thirty-third in the series, surveys research on organic reaction
mechanisms described in the literature dated December 1996 to November 1997. 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
comprehensive 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.

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 joined by Drs A. Dobbs and J. Martin as authors of
Radical Reactions: Part 2) for their efforts to ensure that the standards of this series are
sustained.

A.CK.
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CHAPTER 1

Reactions of Aldehydes and Ketones and their Derivatives

B. A. MURRAY

Department of Applied Sciences, Institute of Technology Tallaght, Dublin, Ireland
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Formation and Reactions of Acetals and Related Species

Intramolecular general acid catalysis has been reported for hydrolysis of simple dialkyl
acetals of benzaldehyde, with both carboxylic acid and ammonium catalytic functions,’
e.g. (1) and (2). Effective molarities of the order of 10°> mol dm™ are reported for both,
with (1) showing a high absolute reactivity: #;,, = 1.15s at 20 °C, with significant
build-up of hemiacetal intermediate. Efficient catalysis depends on the development of
a strong transition-state hydrogen bond, but such bonding should not be present in the
reactant. Hence it can be ‘designed in’ by having such a bond in the product. The
implications for enzyme catalytic systems are discussed.

Organic Reaction Mechanisms 1997. Edited by A. C. Knipe and W. E. Watts
© 2001 John Wiley Sons Ltd



2 Organic Reaction Mechanisms 1997

pH-rate profiles have been constructed for the hydrolysis of o-carboxybenzaldehyde
1,2-cyclohexanediyl acetals? (3; cis- and trans-isomers) in water at 50 °C. The complex
behaviour observed is consistent with neighbouring-group participation in the ring
opening of the acetal. This is supported by the fact that the analogous para-substituted
compound has a much simpler rate profile, and ring opens 220 times slower. The
implications for the mechanism of lysozyme-catalysed reactions are discussed.

NO,
Ph Ph
H H\ +
MeO)\O ~0 Meo)\o NMe, 0
@ ° @] @f ’
0
CO,H o
@ () 3 )
(@
RCOPO(OMe), [ ,+>7R
o)
) (6)

Acetal (4) undergoes Sy1 hydrolysis in aqueous solution; at high pH, it is easily
monitored via the p-nitrophenoxide chromophore produced.’ The reaction has been
used to probe hydration effects in ‘co-solvents’: alcohols, amino acids, and peptides—
the last two as models for such effects in enzymes. Primary alcohols retard the reaction
in proportion to their carbon number, but the amino acids and peptides show more
complex effects, which are interpreted in terms of interactions between the overlapping
hydration shells of the amino and carboxylate groups.

The kinetics of the aqueous formaldehyde—ethylene glycol-1,3-dioxolane system
have been investigated, including its acid catalysis.*

Equilibrium constants for hydration and hemiacetal formation have been calculated
for representative highly fluorinated ketones.> Both reactions were substantially more
favourable in cyclic than acyclic systems.

Free energies of hemi(thio)acetalization of hydrated aldehydes have been measured
by a 'H-NMR method, and compared with AMI calculations.® The role of n — ¢*
delocalizations in determining the overall free energy is discussed. The reactions are
disfavoured by electronegative substituents in either reactant; when present in both, the
effects are synergistic.

Acylphosphonates, e.g. (5), possess highly reactive carbonyl groups and—somewhat
like trihalomethyl ketones—exhibit both ketone and carboxy character, forming oximes
and adducts, and also carboxylate derivatives via C—P bond cleavage.” Their
hemiacetal derivatives have been studied by *'P-NMR in the presence of alcohols, for
the representative acetyl and benzoyl compounds (5; R = Me, Ph). Equilibrium and
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forward and reverse rate constants have been measured. These results, and a separation
of the enthalpic and entropic contributions, suggest a substantially reactant-like
transition state. The contribution of the PO(OMe), group to the reactivity is underlined
by an MNDO calculation of ¢* = 2.65 for this moiety.

‘lonic ketals’ (6), more strictly acetal cations, can be formed in the gas phase® by
reaction of acylium ions R—C=0O with diols or other difunctional molecules
HO(CH,;),CH,X (n = 1-3, X = OH, OMe, NHj,). Identified by MS, the method has
applications in the detection of functional groups that give rise to acylium ions, or in the
protection or elimination of such ions.

Crotonaldehyde dimethyl acetal (7; Scheme 1) can undergo metallo-dehydrogenation
or nucleophilic addition:’ for the example of n-butyllithium, the products of different
experimental conditions are shown. The alternative pathways have been modelled
computationally by examining the reactions of (7) with methyllithium and
methylpotassium. The role of the potassium alkoxide in diverting the reaction towards
diene is twofold: it de-aggregates (RLi),, and promotes a partial cleavage of the
carbon-lithium bond.

o~ o~ Bt 0O
/\)\ Bu'Li \)\ 2 Bu'Li M
= : o/ Bu"OK AN O/ TMEDA = O/
M ) Li
Bun
NN O/ )\/\ o/

SCHEME 1

a-Ketoacetals (8) undergo diastereoselective addition of alkylmagnesium bromides to
give hydroxyacetals.!” The role of the magnesium coordination of the carbonyl and one
or other of the acetal oxygens is discussed.

0 R
_ OH
o 0,C o
R
)H/ \ nie-Ph > O
o\( o j
-0,C
Ph ? 0
® 9) (10)

Pyrolysis of the ethylene acetal of bicyclo[4.2.0]octa-4,7-diene-2,3-dione yields o-(2-
hydroxyphenyl)-y-butyrolactone;'! a mechanism involving a phenyl ketene acetal is
proposed. Tartrate reacts with methanediol (formaldehyde hydrate) in alkaline solution
to give an acetal-type species (9);'? the formation constant was measured as ca 0.15 by
'"H-NMR. Hydroxyacetal (10a) exists mainly in a boat—chair conformation (boat
cycloheptanol ring), whereas the methyl derivative (10b) is chair—boat,'> as shown by
'"H-NMR, supported by molecular mechanics calculations.
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Reactions of Glucosides and Nucleosides

A number of fundamental studies of the nature of the anomeric effect have been
undertaken, probed via kinetics and exo-/endo-regioselectivities.

Rates of acetolysis have been measured for methyl 2,3,6-tri-O-methyl-a-D-galacto-
(11a) and -gluco-pyranoside (11b), with substituents X = OMe, OAc, and NHAc in the
4-position.'* In both series, the most electronegative substituent (methoxy) is associated
with the fast rates, and the least electronegative (acetamido) is the slowest. However, the
ratio of fastest to slowest is only ca 3 in the gluco series, but is over 40 for the
galactosides. This much greater sensitivity to substituent electronegativity when they
are axially oriented is explained by an electron-donation process to the incipient
oxocarbenium ion. It is thus claimed that the data strongly support the antiperiplanar
lone-pair hypothesis.

The roles of nucleophilic assistance and stereoelectronic control in determining endo-
versus exo-cyclic cleavage of pyranoside acetals have been investigated for a series of
a- and B-anomers.'® Exocyclic cleavage of a-anomers, via a cyclic oxocarbenium ion,
is predicted by the theory of stereoelectronic control, and was found exclusively for
the cases studied. The endocyclic route, with an acyclic ion, is predicted for the
p-structures, and a measurable amount was found in all cases, but its extent was
dependent on temperature, solvent, and the nature of the aglycone group.

X OMe OMe OAc
(0] X 0 AcO S
MeO MeO AcO XOY
MeO OMe MeO OMe AcO
(11a) (11b) 12)

The relative nucleophilicity of the two sulfur atoms in a dithioglycoside has been
probed in a study of the anomeric effect in sulfur analogues of pyranoses.'®® In a
previous study, the regioselectivity of the S-oxidation of «- and f-1,5-dithioglucopyr-
anosides (12; X = S, Y = H) by m-chloroperbenzoic acid was shown to switch from
predominantly exo-S for the a-anomer to endo-S for the f-anomer.'®® Now, the origin of
the differences in nucleophilicity has been further investigated by a kinetic study of the
peracetic acid oxidation of the 5-thio compounds (12; X = O) with a range of Y
substituents. The results are explained by a combination of classical anomeric
arguments involving the relative n — ¢* endo and exo effects in the o- and f3-
structures, together with the inherently reduced nucleophilicity of the ring heteroatoms.

In other studies, analysis of the products of reaction between formaldehyde and
guanosine at moderate pH shows a new adduct—formed by condensing two molecules
of each reactant—which has implications for the mechanism of DNA cross-linking by
formaldehyde,'” while the kinetics of the mutarotation of N-(p-chlorophenyl)-f-D-
glucopyranosylamine have been measured in methanolic benzoate buffers.'® For a
stereoselective aldol reaction of a ketene acetal, see the next section.
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Reactions of Ketenes

Acetylketene (MeCOCH=C=0)—generated by flash photolysis—showed the follow-
ing selectivities towards functional groups: amines > alcohols (primary > secondary >
tertiary) > aldehydes ~ ketones.'® The results accord with the ab initio calculations,
which suggest planar, pseudo-pericyclic transition states. An imidoylketene,
PrN=C(Me)CH=C=0, was also generated and showed similar selectivities.

Nucleophilic additions to mesitylphenylketene [Ph(Mes)C=C=0, Mes = 2,4,6-
MesCgH;] and the related vinyl cation, Ph(Mes)C:éMes, proceed as if the mesityl
group was effectively smaller than the phenyl group.?’ The effect is explained by
calculations that show that the phenyl is coplanar with the carbon—carbon double bond,
while the mesityl is twisted: the in-plane nucleophilic attack prefers the mesityl side.

Acidic hydrolysis of ketenimines [13; Scheme 2 (adapted?!)] proceeds via either (i)
rate-determining f-C-protonation to nitrilium ion (14a) followed by formation of
iminol (15a) or (ii) pre-equilibrium N-protonation to give keteniminium ion (14b), then
rate-determining hydration to give a hemiaminal (15b), formally an enol of an amide.?!
The final step in both routes is tautomerization to the amide (16). The C-protonation
route is the ‘normal’ one, and is observed for e.g. diphenylketenimines (13; R! = Ph).
However, highly hindered substrates with R! = mesityl or pentamethylphenyl switch
over to the N-route, involving the hemiaminal (15b). This is confirmed by isotope
effects, and also the observation of the corresponding ethane-1,1-diol, a product of the
fragmentation of (15b), which competes with tautomerization to (16).

1 1
R H,0. _H* JOH
H%7C=N—R2 — H C,
R! R! N—R?
(14a) (15a)
o \
Rl
1
1 H C\
(13) R!  HN—R?
xﬁ / (16)
1
R Mmoo LOH
>:C=N —_— C
AN 2 \
R! R R!  HN—R?
(14b) (15b)
SCHEME 2

The cycloaddition of formaldehyde and ketene has been studied by ab initio
methods.??> A two-step zwitterionic mechanism is suggested for dichloromethane
solvent, while the gas-phase reaction is concerted but asynchronous.
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A stereoselective Mukaiyama-type aldol reaction of bis(trimethylsilyl)ketene acetals
produces silyl aldols with syn stereoselectivity, predominantly due to steric effects.?®

Formation and Reactions of Nitrogen Derivatives
Imines

Propanal reacts with ammonia in acetonitrile to give a hexahydrotriazine (17; R = Et);
chloroethanal (17; R = CH,Cl) reacts similarly, but in lower yield.?* The reactions
proceed via carbinolamines, but increasing chloro substitution (17; R = CHCI,/CCls)
stabilizes the intermediate and disfavours trimerization. In the case of propanal, forward
and reverse rate and equilibrium data are reported, with dehydration of the
carbinolamine rate determining. The course of the reactions with some primary amines
is also reported.

A kinetic study of the Schiff base condensation of m-toluidine with salicylaldehyde
has examined the effects of proton, hydroxide, general base, and transition metal
catalysts, and also solvent effects.?

H H. _H H
R Y N\( R N N
T P
R N N
H
a7 (18b) (18b)

Rates of [1,3]-proton shift isomerization in imines derived from PhCH,COCF3 have
been measured, with electron-withdrawing ring substituents in N-benzylimines being
particularly activating.?

Semiempirical calculations have been used to calculate kinetic, transition-state,
thermodynamic, and physicochemical parameters for acridin-9-amine (18a) and its
tautomer, acridin-9(10H)-imine (18b).?’

Several reports deal with the aziridination of imines. Metal-catalysed aziridination—
using ethyl diazoacetate as the carbene fragment donor—has been explored, particularly
with respect to the catalytic properties of different Lewis acids, and the stereoselectivity
of the reactions.?® A variety of imines, activated by Lewis acids, react with the ‘semi-
stabilized’ sulfonium ylid, Ph2§ —CHR (R = CH=CHSiMej;, C=CSiMe;) to yield
cis-vinyl- or cis-ethynyl-aziridines in high yields.?’ For many N-arylimines, no trans
isomer was detected. The origin of the cis selectivity is discussed. Aziridines have been
prepared by Lewis acid-catalysed reaction of simple imines with ethyl aminoacetate,
with two isomeric f-imino esters being formed as by-products: these in turn
tautomerize to hydrogen-bonded cis-amino-o, f-unsaturated esters. Chiral N-sulfinyl-
imines have been aziridinated diastereoselectively.?!
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Activation of aldimines with lanthanide Lewis acid catalysts has received
considerable attention in recent years.>?® Aldehydes are typically more reactive towards
nucleophilic addition, but this order is reversed using ytterbium(III) triflate.>?® This
reagent complexes selectively with aldimines (as shown by '*C-NMR), and catalysis is
sufficiently efficient that high yields of aldimine adduct are obtained with modest
amounts of catalyst, even in the presence of aldehydes. The reversal in reactivity clearly
depends on this complexation, as the effect is very general: additions of silyl enol
ethers, ketene silyl acetals, allyltributylsilane, and cyanotrimethylsilane all proceed with
>99:1 ratio of aldimine adduct:aldehyde adduct, under conditions where other Lewis
acids give the exact opposite result. While claiming the aldimine-selectivity as
‘unprecedented’, the authors do acknowledge a related aldehyde/imine reactivity
reversal in a palladium-catalysed allylation.’?® Not surprisingly, the reversal is
optimized at low temperature.>®> The scope for such reversals in other nucleophilic
additions—and with other substrate types—is clearly considerable. A further related
case of lanthanide catalysis of a Baylis—Hilman condensation is described later under
Aldol and Related Reactions.

Hydrolysis of Schiff bases derived from benzidine (4,4'-diaminobiphenyl) and from
substituted benzaldehydes has been studied in aqueous ethanol;** attack of water
molecules on the protonated substrates is suggested as the rate-determining step.

Addition of phosphates to chiral sulfinimines derived from aromatic aldehydes has
been used to prepare a-amino phosphonate esters asymmetrically.>> The sulfinimines
employed, p-MePhS*(=0O)N=CHAr, have sufficiently bulky substituents to prevent
inversion, as shown by 'H-NMR over a wide range of temperatures.

Stoichiometric and catalytic asymmetric reactions of lithium enolate esters with
imines have been developed using an external chiral ether ligand that links the
components to form a ternary complex.’® The method affords p-lactams in high
enantiomeric excess.

Extensive kinetic studies of addition of thiophenols to an N-acridinyl quinonediimide
(19) are interpreted in terms of: (i) acridine nitrogen protonation followed by thiophenol
addition at low pH and (ii) thiophenolate addition to neutral (19) at moderate to high
pH.37 For hydrolysis, a similar mechanistic competition was observed® ie. (i)
water attack on acridinium substrate at low pH and (ii) hydroxide attack on (19) at
higher pH.

Ab initio MO methods have been used to predict the stereochemistry of aldol-type
addition of boron enolates to imines, with due allowance for the degree and type of
substitution, and the geometry (E or Z) of both the enolate and imine reactants.>* Only
two important transition states were identified—both cyclic—one chair-like and the
other boat-like. The results are compared with the stereoselections reported in various
experimental methodologies.

N-Benzylamines derived from di-O-protonated glyceraldehydes react with phenyl-
magnesium bromide to give protected aminodiols with total diastereoselectivity: the
nature of the O-protecting group determines the direction of the selectivity.*

An azomethine intermediate has been implicated in the reaction of N-methylene-#-
butylamine with octafluoroisobutylene to give (20) in wet diethyl ether;*' (20) is not
formed under anhydrous conditions.
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N-Arylimines (21a) can be oxidatively rearranged to formamides (21b) with sodium
perborate.*? The reaction works best for secondary or aryl R groups. An oxaziridine
intermediate is proposed. Results with chiral secondary R groups indicate epimeriza-
tion, suggested to occur via equilibration of (21a) with its enamine tautomer.

Treatment of arylimine (22) with alkyllithiums results in a range of single-electron-
transfer reactions, substitution on the phenyl ring, and nucleophilic addition to the
imine bond.*

Iminium Ions and Related Species

Rate +constants hzaye been determJirned for the reac&ion of four iminium ions
(Me;N=CH,, Pr;N=CH,, Ph(Me)N=CH,, and Me,N=CHCIl) with a range of
nucleophiles.** The results allow calculation of electrophilicity parameters for these
ions, helping to predict whether a particular aminomethylation reaction is likely to
work.

a-Acetoxydialkylnitrosamines (23a) can generate the corresponding o-hydroxyni-
trosamines (23b) in vivo and in vitro,* the latter compounds being of interest as the
products of enzymatic activation of dialkylnitrosamines, RIN(NO)CH,R?; (23b), in
turn, can ultimately cleave to yield a diazonium ion (which can alkylate DNA), plus
hydroxide and aldehyde. Four acetoxy substrates (R! = Pr'/Bu’; R*? = H/Et) and their
mono-/di-deuterated analogues have been examined in aqueous solution, and their pH-
independent rates of decay have been measured. Secondary isotope effects of 1.1-1.2
(ku/kp, per hydrogen) suggest the formation of N-nitrosonium ions (24) in—or prior
to—the rate-limiting step.
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ITIO ITIO
N (0):¢ - %
Rl/ Pt Rl/ \’
R2
(23) a;x = Ac (24)
b;x=H

EtO,C

Ph
H
PhCHO Et02C NH H)%N"'/
—_—T
H,NCONH, | /Jx via /&
O

SCHEME 3

The Biginelli synthesis (Scheme 3) is an important route to dihydropyrimidines, e.g.
(25),%%* with many variants of the original reactants now established. The mechanism
has now been re-investigated using 'H- and '>C-NMR.#® The first step does not appear
to involve aldol condensation or a carbenium-ion intermediate; rather, condensation of
benzaldehyde and urea gives an N-acyliminium ion intermediate (26), which then goes
on to react with ethyl acetoacetate.

Oximes, Hydrazones, and Related Species

Diethylaminosulfur trifluoride (DAST, Et,NSF3) a-cleaves cyclic ketoximes to give
fluorinated carbonitriles,*’ e.g. (27)—(28). Two mechanisms are proposed, one for
substrates with substituents that can stabilize an «-carbocation, and an iminium cation
route for ketoximes without such groups.

Three O-substituted benzophenone oximes (29; X = OMe, F, Cl) have been
subjected to aminolysis by pyrrolidine and piperidine, in benzene solution.*3* Kinetics
were third order in amine, and involved two routes: one accelerates with a rise in
temperature, the other decelerates. Of the many mechanisms proposed for this reaction
in non-polar media, the results support Hirst’s mechanism of electrophilic catalysis**® in
this instance.

1,4-Benzoquinone oximes (30) exhibit ‘sidedness’: the structures exhibit anomalous
'"H-NMR coupling constants (J,3 can exceed Js¢ by 0.6 Hz), and its additions show a
syn selectivity.*” The apparent stereoelectronic effect is concluded to be primarily steric
in origin.

Synthesis of a-substituted and «, f-disubstituted amines with high stereoselectivity
has been achieved by addition of alkyllithiums to chiral hydrazones.>

Kinetics of reactions of cyclic secondary amines with benzohydrazonyl halides (31)
have been measured in benzene®' at 30 °C. The products result from nucleophilic
substitution at the halo-carbon via an associative addition—elimination mechanism. For
X = Cl or Br, the rate equation has significant terms that are both first and second order
in amine, whereas two amine molecules are essential for the fluoro compounds to react.
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C—C Bond Formation and Fission: Aldol and Related Reactions
Regio-, Enantio-, and Diastereo-selective Aldol Reactions

Formyl hydrogen bonds, in which the C—H bond of a formyl group acts as an acceptor
(typically to oxygen), have recently been identified in Lewis acid-catalysed reactions of
aldehydes.”?® An X-ray crystal structure of such a complex has been reported.’?® This
type of hydrogen bond is now suggested as a likely organizing stereochemical element
in a variety of enantioselective aldol, allylation, and Diels—Alder reactions catalysed by
Lewis acids reported in the literature.’>® Further examples of such reactions are also
discussed.’

Asymmetric aldol additions of geometrically defined trichlorosilyl enolates of
ketones to aliphatic and aromatic aldehydes have been carried out uncatalysed, and with
a chiral phosphoramide as Lewis base promoter.>* Significant differences in rates and
diastereoselectivities are interpreted in terms of the changeover from a boat-like
transition state, with pentacoordinate siliconate, to a chair-like transition state with
hexacoordination.

1,5-Asymmetric induction is reported in the addition of enolates of methyl ketones to
aldehydes.> Double stereo-differentiation—in which simultaneous 1,3-control can be
obtained in the aldehyde moiety—is shown to be achievable with proper selection of the
aldol type.
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n-Stacking interactions in the transition state are one factor suggested for the highly
diastereoselective synthesis of syn- and anti-aldols from the reaction of an
arylsulfonamidoindanyl titanium enolate with ‘bidentate’ aldehydes.>®

Chiral 2-sulfinylcyclohexanones react with lithium alkyl acetates (i.e. lithium ester
enolates) to produce alcohols with four contiguous chiral centres.’’ This stereoselective
aldol reaction is proposed to depend upon tricoordination by lithium of the enolate,
sulfinyl, and carbonyl oxygens of the substrates.

Boron aldol reactions have been used to stereoselectively construct the anti-3-
hydroxy-2-methylcarbonyl system from carboxylate esters,”® and to combine a-hetero-
substituted thioacetates with aldehydes or silyl imines enantio- and/or diastereo-
selectively.>

Rate and equilibrium constants have been measured for representative intramolecular
aldol condensations of dicarbonyls.®®* For the four substrates studied (32; n =2,
R = Me; n = 3, R = H/Me/Ph), results have been obtained for both the aldol addition
to give ketol (33), and the elimination to the enone (34). A rate—equilibrium mismatch
for the overall process is examined in the context of Baldwin’s rules. The data are also
compared with Richard and co-workers’ study of 2-(2-oxopropyl)benzaldehyde (35),
for which the enone condensation product tautomerizes to the dienol®® (ie. f-
naphthol). In all cases, Marcus theory can be applied to these intramolecular aldol
reactions, and it predicts essentially the same intrinsic barrier as for their intermolecular
counterparts.

(6] (0] o
R R" "OH R (|)
32) 33) 34) 35)

Base-catalysed cyclization of proximate diacetyl aromatics [e.g. o-diacetylbenzene
(36)] gives the corresponding enone (37). Relative rates, activation parameters, and
isotope effects are reported for (36), and also for 1,8-diacetylnaphthalene, 4,5-
diacetylphenanthrene, and 2,2'-diacetylbiphenyl, in aqueous DMSO.®' Reaction
proceeds via enolate formation (rate determining for the latter three substrates),
followed by intramolecular nucleophilic attack [rate determining for (36)], and finally

dehydration.
O

(36) 37
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Miscellaneous Aldol-type Reactions

In the Weiss reaction (Scheme 4), an a-dicarbonyl compound (38) condenses with two
molecules of dimethyl 3-oxoglutarate (39; E = CO,Me) to give a cis-bicyclo[3.3.0]oct-
ane-3,7-dione tetraester (40); the one-pot reaction produces considerable complexity,
with the sequential formation of four C—C bonds. Simple acid treatment removes the
carbomethoxy groups, if desired. While the reaction involves aldol and Michael
sequences, the intermediacy of a cyclopentenone [4-hydroxycyclopent-2-enone (41)]
has up to now been unproven. A series of such 1 : 1 adducts has now been reported for a
variety of diketones, together with evidence that they are indeed intermediates en route
to the bicyclo system.®? Electronic and steric effects on the reaction are also discussed
in detail.

E E E r E E
RI__O R!
0] + I + O —o0 o] 0
R? o R?
E E E R g OH }
39 (38) (39) (40) (41)

SCHEME 4

A clean, high-yielding asymmetric Baylis—Hillman reaction has been reported:
employing Oppolzer’s sultam,%3®P it couples acrylates with a variety of aldehydes at
0 °C, with >99% ee in all cases described.®* Another new, practical variant of the
reaction employs a phosphine catalyst,** and here the temperature effect is critical: the
rate increases in either direction from room temperature, with a dramatic improvement
observed at 0 °C. This unusual observation is explained in terms of a temperature-
dependent equilibrium between efficient and inefficient intermediates.

Some Baylis—Hillman reactions are very slow: for example, condensation of #-butyl
acrylate (42) with representative aldehydes can take 28 days to complete the formation
of vinyl ester (43).5 Another new approach to achieving practical rates of conversion
is to combine the usual tertiary amine -catalyst, 1,4-diazabicyclo[2.2.2]octane
(DABCO), with a Lewis acid catalyst, in order to activate the aldehyde. However,
sometimes this slows the reaction further, as many acids just sequester the amine.
Several lanthanide(III) triflates (especially La, Sm) give modest accelerations,®® so
they are ‘amine-compatible’ catalysts, contributing to a type of ‘push-pull’ catalysis via
an intermediate such as (44). The strategy of avoiding deceleration by using the
oxophilic lanthanide is further emphasized by the effect of adding diols, such as
binaphthol; the reaction is further accelerated. Presumably, the O-ligand displaces the
N-ligand [in (44)], with a chelate effect also contributing. Although the total
acceleration achieved was only a factor of 18, this is of practical significance for
such an intrinsically slow reaction.
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The McMurry alkene synthesis reductively couples two molecules of ketone. It has
recently been reviewed.®®® The same authors have claimed that the reaction proceeds via
a nucleophilic (rather than a radical) mechanism when carried out with Zn/Cu in
dimethoxyethane solvent.®®d Calculations using density functional theory now
support their hypothesis,®® at least for the stated reaction conditions. The reaction is
also frequently carried out using low-valency titanium reagents, and is presumed to
proceed in such cases via a metallopinacol intermediate, formed by dimerization of a
ketyl radical. Evidence has now been presented that even if metallopinacols are present,
they are not necessarily precursors to the alkene.®’ Rather, the ketyl radical could be
deoxygenated to a (metallo)carbinol, which could then couple to the second molecule
of ketone. The replacement of titanium(or samarium)(II) with uranium species has also
been explored: UCl; and Cp3;U(THF) have been used to couple benzoyl compounds®®
PhCOR (R = H, Me, Pr’, and Bu’). After deuterolysis of the organometallic products,
pinacol (45) was obtained, but so also was keto alcohol (46)—the product of para
coupling. The organometallic precursors of these products appear to be in equilibrium
under the reaction conditions, with the product ratio being determined by steric factors.

The mechanism of addition of lithium pinacolone enolate, H,C=C(OLi)Bu’, to
benzaldehyde has been investigated by the determination of kinetic isotope effects®
(phenyl-ds and carbonyl-'3C); C—C bond formation occurs in the rate-determining
step (a result supported by MO calculations), in contrast to addition of MeLi or PhLi,
which proceed via electron transfer. Further carbonyl-'*C isotopic studies on
substituted benzaldehydes (including equilibrium effects) by the same authors
confirmed these conclusions.”®

Horner—Wadsworth—-Emmons reactions of ketones and aldehydes with phosphono-
acetate esters, (R?0),P(=0)CH,CO,R', produce E/Z mixtures of «, f-unsaturated
esters. Use of the conventional reagent, sodium hydride, gives some selectivity. The
combination of tin(Il) triflate and N-ethylpiperidine enhances—and sometimes also
reverses—the selectivity in most cases studied.”! Six-membered oxo-coordinated tin
intermediates are proposed to control the selectivities observed. A similarly selective
synthesis of trisubstituted exocyclic alkenes from cyclic ketones has been reported.”?
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The Henry reaction (addition of a nitroalkane to a carbonyl) is synthetically very
useful, as the nitro group of the nitro alcohol product provides many routes to a variety
of functional groups. An ab initio study of the stereochemical outcomes of the reaction
yields the following:”®

(i) with free nitronate anions and aldehydes, an antiperiplanar transition state is
predicted, with carbonyl and nitro dipoles anti-parallel, leading to an anti product;

(i) lithium nitronates and aldehydes produce syn product, but stereo-control is
difficult;

(iii) reaction with a di-metalated nitronate has a lower barrier, allowing less
electrophilic carbonyls, such as ketones, to react.

Bis(1,2-diamine)copper(Il) complexes undergo condensations with formaldehyde
and nitroethane to give acyclic/macrocyclic products containing —NHCH,C(Me)
(NO,)CH;NH—linkages: steric effects in the copper ligands significantly affect the
product ratio.”

The mechanism, stereoselectivity, and synthetic applications of the nitrile aldol
reaction have been reviewed.”

A Michael-type addition has been used’® to insert suitable Michael acceptors (47;
R = CN, COMe, CO,Me/Et) between the carbonyls of benzils (48), to give a range of
1,4-diketones (49). The reaction is catalysed by cyanide (typically as BuyNCN), and the
aryl rings can bear substituents such as chloro or methoxy. Reminiscent of the Benzoin
condensation, the reaction proceeds through an O-aroylmandelonitrile anion (50). The
reaction has also been extended to C—O rather than C—C insertion: benzaldehyde
inserts into benzil under the same conditions to give an «-aroyloxy-ketone (51).

CN
Ar! A2 Ar! R AP Arl—C”
H,C=CHR + W — m—CHrCer 0. AR
0 0 0 0 \[r
A7) (48) (49) O
(50)
Ph Ph Ph
W—CH—OT(
0 0

(51

A chiral enolate derived from a bromoacetyl camphor sultam [(52); in turn prepared
from Oppolzer’s sultam®3*°] undergoes an aza-Darzens reaction with modified amines
to produce aziridine derivatives in high de.”” Cleavage yields aziridine carboxylates.

An open-transition-state model is proposed for the Darzens condensation of ketones
with (—)-8-phenylmenthyl o-chloroacetate: the diastereoselectivity observed is
explained in terms of a m-aryl interaction between the enolate and phenyl moieties.”®
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(52)

1,3-Allylic strain is employed in the Paterno—Biichi reaction of a silyl enol ether and
benzaldehyde.” Using a bulky or polar substituent y to the ether as stereogenic locus,
diastereomerically pure oxetanes with four contiguous chiral centres have been
prepared.

A mechanism has been proposed for the enantioselective Mikami ene reaction of a
terminal alkene with a glyoxylic aldehyde using a chiral binaphthol as Lewis acid.®

Stereoselective synthesis of f-amino esters via asymmetric aldol-type and aza-Diels—
Alder reactions has been reviewed.?! Siliranes react cleanly with benzaldehyde to
produce oxasilacyclopentanes—with inversion—under conditions of Bu’OK catalysis;
enolizable aldehydes yield silyl enol ethers.®

Copper(Il) triflate—a Lewis acid that is stable in aqueous media—has been employed
as a catalyst for a variety of aldol and allylation reactions.®’

For a stereoselective aldol of bis(trimethylsilyl)ketene acetals,® see Reactions of
Ketenes earlier.

Allylation Reactions

Many allylations are still built around stannanes, but other metals are becoming more
widely used.

The SnCly-mediated addition of alkoxyallylstannanes can be carried out with 1,5-/6-/
7-asymmetric induction, depending on the position of the alkoxy substituent.** For
example, the (5-alkoxypent-2-enyl)stannane (53) gives 1,5-anti-(Z)-alkenol (55).8%° The
‘remote’ oxygen has been suggested to act by coordinating the electron-deficient tin of
a trichlorotin intermediate (54). Evidence for this species has now been provided by a
trapping experiment using phenyllithium,®¢ which produces the triphenyl derivative
(56).

(y-Alkoxyallyl)stannane aldehydes (57) can cyclize either thermally or with Lewis or
protic acid catalysis to give cyclic ethers (58).% The interrelationship of the reactant
and product stereochemistries has been investigated, as have the methods used to
promote the reaction. For both thermal and proton-promoted reactions, [(£)-57 gave
(cis-58), and [(E)-57] gave (trans-58), whereas (frans-58) was the predominant or
exclusive product of Lewis acid mediation, regardless of the double bond geometry of
(57). Mechanisms are proposed.

Methanol promotes addition of allylstannanes to aldehydes and ketones, to give
homoallylic alcohols without added catalyst.®® Aldehydes are significantly more
reactive. It is suggested that the primary activating influence is hydrogen bonding to the
carbonyl.

Chiral binaphthol(BINAP)-titanates (59; X = OR) have been used as asymmetric
catalysts of additions to aldehydes, and show evidence of oligomeric Ti—O—Ti
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bridging.8’® The corresponding difluoro compound (59; X = F) catalyses allylsilane
addition’”®, and may also involve oligomers as effective catalytic species.
Using these observations, a new fluorotitanium-TADDOLate (60; TADDOL =
tetraaryldihydroxydioxolane) has been reported to catalyse the reduction of
benzaldehyde efficiently®’® at —78 °C. Conversion of 60% with 78% ee is found
with 0.5 mol% (60), and this rises to 77% with 93% ee for 2.0 mol%, again suggesting
an oligomeric contribution to catalysis.

(59

Allyltitanium compounds typically react with aldehydes at the most substituted
allylic position; however, ring-strain effects and also substituents capable of
coordinating titanium can dramatically alter the regiochemistry.®®
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Indium mediates the coupling of o,x-difluoroallyl carbanion with aldehydes, to give
gem-difluorohomoallyl alcohols.® In contrast to many comparable allylations of
carbonyl compounds, ketones do not react.

(S)-Proline-derived phosphoramides catalyse enantioselective allylation of aromatic
aldehydes with allylic trichlorosilanes.”® Chiral a-aminoaldehydes have been allylated
diastereoselectively with various reagents.’!

Ab initio calculations on the reaction of enoxysilanes with formaldehyde have been
used to characterize the electron-donating and -accepting strength of the different
functions in the enoxysilane.’? This useful type of aldol reaction is also compared with
the corresponding allylsilane version.

Other Addition Reactions
General and Theoretical

70-NMR chemical-shift values are proposed as the basis of an electrophilicity
(polarity) scale for carbonyl groups, based on data for 35 types of benzoyl compound,
PhCOX, and a Hammett-Taft analysis of 23 of them for which para-substituted series,
p-YCsH4COX, are available.”® Similar measurements—plus '3C-carbonyl values—
have been made for a wide variety of RCOX: X = H, Me, SiR3, SR, CI, F, OMe, OH,
O~, NH,; R = H, Me.** The oxygen shift depends on the electron donor/acceptor
properties of the X group, while the carbon shift values are also determined by other
factors. The difference between the two shift movements has been identified as mainly
related to the energy of the n — n* excitation. Similar differences were found in p-
YCsH,COX, but not in the aroyl cations, p-YCsH4CO™, where the n — m*-type
excitation is absent, due to symmetry.

Placing two methyl groups ortho to the carbonyl of acetophenone should twist the
phenyl out of the C=0 plane. The extent to which this affects gas- and solution-phase
basicities of a series of para-substituted acetophenones is reported.”

4-Substituted norsnoutanes (61) have been introduced as substrates with sterically
unbiased n-faces, which allow electronic effects in n-facial selectivity of nucleophilic
additions to be evaluated.’® Examples indicate how this system allows separation of
long-range electronic effects into orbital and electrostatic contributions.

O

R
(61)

An extensive study of reactions of a variety of non-cyclic esters, aldehydes, and
ketones with a range of nucleophiles has been undertaken in an attempt to find reliable
rules for predicting 1,3-stereochemistry in the products.”” Despite comparison of the
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results with molecular mechanics calculations of the lowest energy reactant
conformations, clear-cut open-chain stereo-control outside well-defined subsets of
reactants remains elusive.

Nucleophilic addition/ring-closure sequences—especially additions to aldehydes,
ketones, and aldimines—have been reviewed in the context of heterocyclic synthesis.”®

N-Trimethylsilylbis(trifluoromethanesulfonyl)imide, Me;SiN(SO,CF3),, has been
reported as a better carbonyl activator than trimethylsilyl triflate.”®

Density functional theory has been used to analyse the relative stability of tetrahedral
intermediates formed when sulfhydryl or hydroxide anions attack carbonyl
compounds.'%

Protonation

Gas-phase basicities of several substituted benzaldehydes (62; X = o-/m-/p-Me/F, o-/
m-Cl) have been measured, relative to benzaldehyde or mesitylene as reference bases,
over a range of temperatures.'! The tolualdehydes are more basic than benzaldehyde,
the halobenzaldehydes less so, following classical aromatic substituent effects. The data
also correlate well with solution-based linear-free-energy substituent constants, as well
as with theoretical (MNDO) calculations. Some deviations are noteworthy: (i) the o-
halobenzaldehydes (especially chloro) have higher basicities than predicted, but
calculations tend to rule out the hydrogen-bonded isomer (63), which is also contra-
indicated by a ‘normal’ AS value, inconsistent with the expected restriction of —CHOH
rotation in such a structure; (ii) anomalies in the high-temperature behaviour of m-
fluorobenzaldehyde in the presence of mesitylene reference base are consistent with a
specific catalysed isomerization to the ortho- or para-isomer.
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An X-ray crystal structure of annulene-dione (64) indicates an anti,anti configuration
between the methylene and sulfur bridges.'> Diprotonation gives highly localized
positive charges in the dication (65), mainly due to unfavourable p-orbital overlap.

The stabilities of protonated cyclopropylcarbinyl ketones are a long-standing puzzle.
Richie'®? provided evidence that the ‘bisected’ cyclopropylcarbinyl carbenium ion
(66a) was the more stable conformation, rather than the ‘perpendicular’ geometry
(66b). Of the protonated, rigid ketones, (67), (68), and (69), spiro compound (67) is
most stable, but the bicyclo compound (68) proved more stable than the nortricyclic
system (69), although the latter has a bisected geometry, while (68) is unable to achieve
this.!®3* The anomaly appears to have been resolved by semiempirical calculations of
heats of formation of the ketones and ions, and an analysis of the effects of syn- and
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anti-OH* versus -cyclopropyl orientations.!?3® While oxygen plays important roles,
some of the effects cancel: the corresponding hydrocarbon carbenium ions show similar
orders of stability.

OH
OH OH .
R R .
<A LX A )
R <‘/\R

(66a) (66b) (67) (68) (69)

Bisected Perpendicular

Ab initio MO methods have predicted geometrical changes in 3-halocyclohexanones
accompanying complexation of the oxygen by a proton or lithium cation.'* From these
changes, the preferred face for attack by a nucleophile can be predicted.

Hydration and Hydrate Anions

Hydration of several 1,2,3-triones including indane derivatives (70; Scheme 4) has been
studied in dioxane-water mixtures.'®** Monohydration gives a 2,2-diol (71): forward
rates and equilibrium constants have been measured over a wide range of solvent
composition. Based on activation parameters, kinetic isotope effects, a Hammett
treatment, and a second-order rate dependence on water, two water molecules are
suggested to play distinct roles, one as nucleophile, the other as general acid—base,
similar to dialdehydes.!3b-

0 0 0
OH o
Y. X 0 — YX — YX
OH H
0 0 0O

(70) (71) (72)
(0]
o
Y. X o
OH O~
(73)
SCHEME 4

The base-catalysed ring fission of several substituted 2,2-dihydroxyindane-1,3-diones
[(71) in Scheme 4, i.e. hydrates of the indanetrione system (70)] has been studied in
aqueous dioxane.'® Rate constants, thermodynamic parameters, substituent, salt,



20 Organic Reaction Mechanisms 1997

solvent, and solvent isotope effects are reported. The ring opens to give an o-
carboxyphenylglyoxal (72), which rearranges to the o-carboxymandelate (73); build-up
of (72) was clearly evident in the kinetic measurements. No evidence for a lactone
pathway was found.

Benzocyclobutene-1,2-dione (74) undergoes base-catalysed ring fission between the
carbonyls to give 2-formylbenzoate (75). Rate constants, activation parameters, isotope
effects, and substituent effects have been measured in water.!”” Rapid reversible
addition of hydroxide to one carbonyl is followed by intramolecular nucleophilic attack
on the other, giving a resonance-stabilized carbanionic intermediate (76a)<>(76b).

OH OH
0] _
AN CHO N =
| — 0 —> 0
= o) CO,~ NS
o (O
(74) (75) (76a) (76b)
A similar investigation of the base-catalysed ring opening of 3,4-diphenylcyclobut-3-
ene-1,2-diones (77) to give (Z£)-2-ox0-3,4-diphenylbut-3-enoates (78) has been carried
out in aqueous DMSO.!'® The evidence points towards a rapid, reversible addition of

hydroxide to one carbonyl, followed by a benzilic acid-type rearrangement to give a
cyclopropene intermediate (79), which ring opens.
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Hydration of highly fluorinated ketones has been referred to under Acetals above.’ 2-
Acetyl-1-methylpyridinium ion is 8% hydrated in water: see Enolization below.

Addition of Organometallics

The mechanism of conjugate addition of lithium dialkylcuprates to enones has been
explored by the determination of '*C kinetic isotope effects by an NMR method:
reductive elimination from Cu is implicated as the rate-determining step.'?’

Several papers deal with diethylzinc: a chiral titanate complex with helical ligands
catalyses enantioselective addition to benzaldehyde, where approach to the Lewis acid
centre is guarded by flanking aryl rings;''? new chiral thiaprolinol amino alcohols have
been used as ligands for enantioselective borane reduction of ketones and diethylzinc
addition to aldehydes, with reasonable ee;''! AMI molecular-modelling studies have
been used to guide the design of an improved chiral piperidine alcohol which acts as an
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enantioselective catalyst;''2 (S)-2-(N,N-disubstituted-aminomethyl)pyrrolidines have
been employed as enantioselective catalysts.!!3

Aryltrimethylstannanes arylate aldehydes in the presence of a cationic rhodium
complex, [Rh(cycloocta-1,5-diene)(MeCN),]*, yielding secondary alcohols.''*

Addition of Carbon Nucleophiles containing N, S, B or Bi Substituents

An AMI method has been used to investigate nucleophilic addition of malononitrile
anion to carbonyl compounds.'"

Addition of sulfonium ylids to aldehydes is a useful method of synthesizing epoxides,
and can be carried out with high enantioselectivity, given appropriate chiral substituents
on sulfur. The reaction has been investigated using a range of benzylsulfonium ylids in
various solvents,''® with both aliphatic and aromatic aldehydes (Scheme 5). Epoxide
formation is found to be under kinetic control, with a finely balanced stereochemical
outcome. The trans-epoxide is formed directly via irreversible formation of the anti-
betaine, or indirectly via reversible formation of syn-betaine, while cis-epoxide forms
via partial reversible formation of syn-betaine. This reversibility in formation of the syn-
structure is greater for aromatic aldehydes (thus giving higher trans selectivity), and
also increases in more polar solvents.
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2-Halo-1,3-dithiane frans-1,3-dioxides (80; X = Cl, Br) act as diastercoselective
carbonyl anion equivalents in reactions with aldehydes.!!” The scope of the reaction has
been explored by varying the temperature, the aldehyde, and the metal used as counter-
ion. Similarly, metal 1,3-dithianides (81; M = Li, Cu") can be added diastereoselec-
tively to chiral aldehydes; subsequent hydrolysis yields an o-hydroxyaldehyde.''3

X M
Ilsk/js ’O Si\)s
(80) (81

Examples of 1,13- and 1,14-asymmetric inductions are reported in the case of the
addition of sulfone carbanions to benzaldehyde.''”

The Wittig and related reactions have been reviewed in the context of natural product
synthesis;'?° mechanistic studies of the Wittig reaction have also been reviewed with
particular reference to asymmetric induction.'?!
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Transannular  interactions have been examined in the hexacyclo-
[6.6.0.0%6.0%13.011 05]-tetradecane system.'?> For example, the 14-iodo-10-one
derivative (82) reacts with triphenylphosphine to give the salt (83), via C(10)—C(14)
bond formation. In contrast, the 10,14-dione does not react.

-
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Treatment of the salt, [Ph3§iCH2COR1] BF, with base generates triphenylbis-
muthonium 2-oxoalkylide (84; R! = Bu’, Ph). This reacts with 1,2-dicarbonyls to give
2,3-diacyloxiranes (85; from acyclic reactants, MeCOCOR?, R? = Me, OEt) or 2-acyl-
3-hydroxytropones [e.g. (86), from the tetrachloro-o-quinone].'?* Both reaction types
are of considerable synthetic utility, and both are in marked contrast to the routes
followed by the corresponding phosphonium ylids.

Miscellaneous Additions

Two moles of aromatic aldehyde react with ethyl diazoacetate to form diastereomeric
1,3-dioxolanes.!>* The reaction is catalysed by dirhodium(II) species, and proceeds via
a carbonyl ylid. Stereo-control can be achieved using a bulky diazo substrate, and
electronic effects of aromatic substituents are important. Different reactions show
evidence of either a metal-stabilized ylid, a free ylid, or competition between the two.

The mechanism of the alkaline decomposition of methyl ethynyl ketone—to acetate
and ethyne—has been probed using AM1 calculations.'?’

Aminoenone (87), when heated with phosphoryl chloride, cyclizes to 2-(trifluoro-
methyl)quinoline, rather than the expected 4-isomer.'?® A series of crossover
experiments using different perfluoroalkyl and aniline moieties suggest an amine
exchange process. A 1,3-diaminoallyl cation (88), i.e. a vinylogous formidinium salt, is
proposed to act as ‘turntable’ in the process.

The kinetics of the reactions between p-benzoquinone and an amino acid have been
investigated as a function of pH, temperature, and amino group basicity.'?’



1 Reactions of Aldehydes and Ketones and their Derivatives 23

4-Oxochromene-3-carboxaldehydes (89) react with triazoles and primary amides to
give a new family of heterocyclic compounds;'?® the initial adduct of the triazole to the
aldehyde can be isolated.

Factors affecting whether quinones undergo addition or reduction in their reactions
with some organometallics, and with HNj3, are discussed under Redox Reactions later.

|
N
H ©/ 0~ “CHO

(87) (88) (89)

Enolization and Related Reactions

Isomer stabilities and activation energies have been calculated for keto—enol
tautomerization of simple carbonyl compounds, MeC(R)=X (X=0; R=H,
Me);'? both specific and bulk solvent effects have been analysed. Related
isomerizations of acid derivatives (R = F, CN) and other related structures (R = H;
X = CHy, NH, S) are compared.

Ab initio methods have been used to compare enzyme-catalysed enolization
mechanisms.'3? Acid- and base-catalysed stepwise mechanisms have been compared
with the concerted reaction; the latter is favoured by several hydrogen-bonding
interactions.

Simple enols stabilized by bulky aryl groups have been reviewed.'”’ Amide enols,
tip, C=C(OH)NR'R? (tip = 2,4,6-triisopropylphenyl), can be generated by reaction of
amines with ditipyl ketene, are observable by NMR, and slowly tautomerize. Vinyl
alcohols with two or three bulky aryls have propeller conformations and are chiral, but
are not easily resolved.

Acyclic perfluoroenols are strongly destabilized relative to their cyclic counter-
parts;'3? the result is general for alkene systems.!*?

Acetoacetic acid, MeCOCH,CO,H, can enolize via its ketone- or acid-carbonyl
groups: calculations suggest the former route is thermodynamically more favourable'3*
by 11.3 kcalmol~!.

Unsymmetrical f-diketones can form two f-keto—enol tautomers, (90a), (90b). The
corresponding NH-pyrazoles—readily synthesized from the diketones—exhibit annular
tautomerism, (91a), (91b). These tautomerisms have been probed via AMI
semiempirical calculations that show that the two phenomena are related:'** in each
case the position of equilibrium is strongly influenced by whether or not the CC double
bond is part of (another) ring system (the Mills—Nixon effect).

131
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SCHEME 6

Kinetic and thermodynamic measurements show that 2-phenylacetylthiophene (92a)
has a low enol content: Kt = 3.55 x 1077 (or pKt = 6.45).13¢ The keto and enol
tautomers have pK, values of 14.60 and 8.15, respectively. Relative to a phenyl or
furanyl substituent at the carbonyl carbon, the thiophene increases the acidity of the
enol tautomer, but stabilizes the ketone, probably via the resonance contribution (92b).
Thus 2-thiophenyl stabilizes the enolate by electron attraction, but the ketone by
donation. Effects of micelles on the equilibria are also reported.

R? OH
/] .
S N
0
R3 0] 0
(92a) (92b) 93)

A series of 4-hydroxycoumarins (93) have been synthesized and their tautomeric
equilibria with the 2,4-dione and 2-hydroxy-4-keto forms have been studied by NMR
and by MNDO calculations.'*’

Enolization of cationic ketones is accelerated by electrostatic stabilization of the
enolate anion. Rate constants for water-, acetate-, and hydroxide ion-catalysed
enolization of 2-acetyl-1-methylpyridinium ion (94) have been measured'*** and
compared with a 2-acetylthiazolium ion (95), a simple analogue of 2-acetylthiamine
pyrophosphate.'3%® For (94), kog = 1.9 x 10> M~! s~!, about 1.1 x 10° times that for
a typical methyl ketone such as acetone. Thermodynamically, it is >10® times more
acidic (pK, values of 11.1 vs 19.3). These increases in kinetic and thermodynamic
acidity are derived from through-bond and through-space effects, and the implications
for enzymatic catalytic sites with proximal, protonatable nitrogen are discussed. The
results for (94) suggest a pK, value of 8.8 for (95), a value that cannot be measured
directly due to competing hydrolysis.

| \ S CH;
= CH; i /> g
+I|\I H;C N, 0
CH; O CH3

94 95) (96)
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Catalysis of the enolization of indan-2-one (96; pK, = 12.2) by o-, -, y-, and
modified cyclodextrins (of similar pK,) indicate that the latter act as general bases.'*°
There is also an inclusion component to the catalysis: saturation kinetics consistent with
1:1 binding are observed for enolate formation.

Rates of acid-catalysed enolization of isobutyrophenone and its o-d analogue have
been measured in H,O and D,0, by bromine scavenging.'#%* Results include a solvent
isotope effect, ky+ /kp+, of 0.56, and a substrate isotope effect, ky /kp, of 6.2 (both for
the enolization reaction). Combination of the data with that for ketonization in D,0'4%
gives the first isotope effect for the keto—enol equilibrium of a simple ketone:
Kg(H,0)/Kg(D,0) = 0.92. The results are discussed in terms of the isotopic
fractionation factors and the medium effect.

Rates of enolization of 4-oxophenylbutanoic acids, XC¢H4COCH,CH,CO,H, have
been measured in 75% acetic acid'#! at 30 °C. A Hammett p value of —0.78 was
found. Ortho substituents significantly enhance the rate; 'H- and '*C-NMR suggest that
this is because they twist the benzene ring out of conjugation with the carbonyl.

Keto—enol equilibrium constants for simple f-dicarbonyl compounds, RCOCH,COX
(R = X = Me; R = Me, Ph for X = OEt) have been measured in water'*?? by a micelle
perturbation method previously reported for benzoylacetone'4?® (R = Ph, X = Me).
The results have been combined with kinetic data for nitrosation by NO*, CINO, BrNO,
and SCNNO: in all cases, reaction with the enol was found to be rate limiting.

When benzyl bromide is reacted with acetophenone using a phase-transfer catalyst
(but no solvent), the double benzylation product, P\COCH(CH,Ph),, is produced
almost exclusively.!** The change in substrate acidity does not appear to explain the
result. Rather, a 7—n interaction in the transition state between mono- and di-benzyl
products is proposed. A further investigation'** has more accurately characterized
which substrates will display the effect, and has also identified the n—= interaction (or,
more properly, a —7 interaction between two n-systems) as being of the edge-to-face
geometry.

o, f-Unsaturated ketones, f-keto esters, and some uracil derivatives undergo o-
iodination with iodine in the presence of bis(tetra-n-butylammonium) peroxodisulfate
[(Bu!NT), ~0S(=0),008(=0),07] in good yield."*> It is suggested that SOj is
generated by homolytic cleavage of peroxodisulfate, and that this converts iodine to I,™",
which acts as the iodinating species.

Aryllead triacetates x-arylate ketones highly selectively, working well for tertiary o-
carbons, or secondary ones activated by a phenyl group,'® thus favouring arylation of
positions that are typically already crowded, making the reaction very useful
synthetically.

The regiochemistry of deuteration of polycyclic carbonyl compounds such as methyl
derivatives of benz[de]anthracen-6- and -7-one is subject to orbital control.!*” Charge
alternation and deuterium isotope effects in these and related compounds were studied
by NMR and MNDO methods.

Intramolecular proton transfer rates in acetylacetone have been calculated.'*®

Iodination of acetone is slowed by increasing magnetic field strength.'4’
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Enolates

Recent developments in enantioselective protonation of enolates and enols have been
reviewed, illustrating the reactions’ utility in asymmetric synthesis of carbonyl
compounds with pharmaceutical or other industrial applications.'>* Enolate protonation
may require use of an auxiliary in stoichiometric amount, but it is typically readily
recoverable. In contrast, the chiral reagent is not consumed in protonation of enols, so a
catalytic quantity may suffice. Another variant is the protonation of a complex of the
enolate and the auxiliary by an achiral proton source. Differentiation of these three
possibilities may be difficult, due to reversible proton exchange reactions.

To distinguish isomeric anions such as alkoxides and enolates in the gas phase, a
flowing-afterglow MS technique has been developed, using a probe reagent to
distinguish such species by chemical reactivity.!>! Dimethyl sulfide proved particularly
useful. Alkoxide anions react as ‘hard’ bases, eliminating across the C—S bond,
whereas enolates were ‘softer’, attacking at sulfur. The scope and limitations of other
probes such as methyl nitrite and methanol-O-d are outlined.

Proton abstraction from a model carbon acid, hydroxyacetaldehyde, by formate anion
has been examined theoretically for the gas phase and for aqueous solution.'>> The
reaction shows an early transition state, whereas its enzymatic equivalent has a late
transition state. Solvation brings the transition state forward. The factors that contribute
to producing the later transition state in enzymes are discussed.

Highly selective kinetic enolate formation, via the deprotonation of representative
ketones with analogues of lithium diisopropyl amide (LDA) bases, has been
reported.!>® The strategy involves varying the nature of the lithium amide substituents
to bias protonation towards (E)- or (£)-enolate. Combinations of phenyl, trimethylsilyl,
and alkyl groups of varying bulk were employed. Excellent E-selectivity was achieved
with steric control [e.g. using lithium N-z-butyl(trimethylsilyl)amide], while high Z-
yield requires two electron-withdrawing groups, as in the case of the N-(trimethyl-
silyl)anilide base; both of these modified forms of LDA should be of considerable
synthetic utility.

Another new LDA-based strategy for regioselective alkylation of unsymmetrical
ketones involves the combined use of LDA and aluminium tris(2,6-diphenylphen-
oxide): the latter complexes the less hindered side of the ketone, blocking the LDA and
‘re-directing’ it by default to the more hindered side.!>*

1,2-Diphenylcycloalkanols undergo base-catalysed ring opening to give enolates,
with some fragmentation.!> Mechanisms and rate-limiting steps within them change
considerably with ring size. Rings of 5-8 carbons have been studied, as have the
corresponding acyclic structures. A very wide range of reactivity is observed, but
comparisons with strain release and entropy change give poor correlations.

The diastereoselectivity of protonation of enolate anions has been studied by H/D
exchange.'>® p-Substituted ethyl butanoates were chosen as substrates, with conditions
that rigorously excluded ion-pairing and aggregation effects. Stereoelectronic effects
were found typically to produce higher stereoselection than purely steric effects. In the
specific case of H/D exchange in 3-ethoxybutanoate in ethanol-d, protonation of the
enolate of 3-fluorobutanoate was chosen as a computational model.'>” Similar
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diastereoselectivities were observed for cis- and trans-enolates, and the transition state
for each has the C—F bond anti to the incipient C—H bond, perhaps due to a
stabilizing orbital interaction.

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

In a new synthesis of diltiazem (98b; R = Ac, X = CH,CH;NMe,), a calcium
antagonist used in the treatment of hypertension, the key step is the diastereoselective
reduction of a-ketolactam (97) to the alcohol precursor (98a; R = X = H).!>® The
reduction of the 1,5-benzothiazepine (97) was achieved using an NaBH4—(S)-amino
acid combination; (S)--leucine was most efficient, and was readily recovered
unracemized.

OMe OMe
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97) (98) (99)

The regiochemistry of borohydride reduction of cyclic enediones such as (99) was
markedly affected by addition of cerium(Ill): whether a complexation site was
accessible to the Lewis acid appears to be the main factor involved.'>’

o, f-Unsaturated ketones have been converted into the corresponding saturated chiral
alcohols in high yield and high ee using a mercaptoisoborneol as auxiliary.!®® Michael
addition is followed by an intramolecular Meerwein—Ponndorf—Verley reduction
involving a 1,7-hydride shift and the formation of a 10-membered cyclic chelate.

A series of 2-substituted cyclohexanones was studied over a wide range of
temperature in an attempt to optimize the diastereoselectivity of diisobutylaluminium
phenoxides in the reduction of ketones.'®' Hydride transfer dominates at high
temperature, but a Meerwein—Ponndorf—Verley-type interconversion of the aluminium
alcoholate intermediates (via the reactant ketone) is an important factor in
diastereoselection at low temperature.

The face-selectivity of hydride reductions of the conformationally-rigid ketone series
(100) has been examined for pure axial and equatorial isomers with four different R
groups, viz. Me, Cl, OMe, and SMe.'%? The reactivities show Taft correlations with the
inductive effects of the substituents. Only through-bond and -space electrostatic
interactions are used to explain the results: neither Cieplak nor Anh antiperiplanar
effects are invoked.

Reaction of organometallics such as alkyllithiums or Grignard reagents with p-
quinones can give an addition product, or a hydroquinone (i.e. reduction product). The
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reaction is shown to occur via a concerted single-electron transfer to give quinone
radical anion and alkyl radical.'®® Radical coupling gives the addition product, but
bulky R groups allow radical separation by diffusion, leading to reduction. Similarly,
conjugate addition of HN; to quinones can yield either aminoquinones or
azidohydroquinones, and the parameters and conditions required to select between
outcomes have been characterized.!®*

p-Hydroxy ketones can be reduced with aldehydes in a Tishchenko-type reaction,
(101) — (102), using a zirconocene catalyst.'®> The reaction provides a stereoselective
route to anti-1,3-diols. A labelling experiment with CpZrH, and MeCDO indicated that
the aldehydic hydrogen ends up on the alcohol carbon. The kinetic isotope effect of ca
1.8 suggests that hydride transfer may be rate limiting.

In other reports, ff-cyclodextrins have been used to induce asymmetry in borohydride
reduction of ketones,'® a diastereoselective reduction has been controlled'®’ by a 7-
allyltricarbonyliron lactone ‘tether’, a phosphinamide has been combined with a
dioxaborolidine unit as an activated, directed catalyst for ketone reduction,'%® reductive
amination using benzylamine—cyanoborohydride converts 3-hydroxy ketones into syn-
1,3-amino alcohols,'®® 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propan-1-one
has been reduced diastereoselectively,!’® and production of chiral alcohols via (i)
Itsuno—Corey and Brown procedures'’! and (ii) lithium aluminium hydride modified by
chiral nucleophiles'’?> has been reviewed.

Use of thiaprolinol amino alcohols as ligands for enantioselective borane reduction
of ketones!'' and of a fluorotitanium-TADDOLate to catalyse reduction of
benzaldehyde®’® has been described above under Organometallics and Allylation
Reactions, respectively.

Other Redox Reactions

The Cannizzaro disproportionation, 2RCHO + HO~™ —RCH,0~ 4+ RCO,H, has been
studied in the gas phase by a variety of MS techniques, for R = Bu’ and Ph,'”® and
results have been compared with calculations on the prototypical system, i.e. R = H.

Cyclohexanone and some alkyl derivatives can ring contract to the corresponding
cyclopentanecarboxylic acid; the reaction is promoted by thallium(IIl). Alternative
mechanisms which have been proposed by (i) Wiberg and Koch!”#* and (ii) McKillop et
al.'™ involve a 2-thallyl ketone hydrate which either (i) loses TI™ and a proton in ring
contraction or (ii) loses TIT first, giving rise to a protonated hydroxyoxirane
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intermediate (103). The stereochemical outcomes are different, and examination of the
products of ring contraction of 3- and 4-methyl- and -#-butyl-cyclohexanones'74° tends
to favour the proposal of McKillop ef al.

(103)

Rate equations for the oxidation of aldehydes, RCHO (R =H, Me,CH, Ph,
p-MeOCgH,), by Fenton’s reagent (Fe’*—H,0,—-H*) have been determined.!”> The
reactions were first order in ferrous ion, peroxide, and aldehyde, except for aromatic
aldehydes, where the order in peroxide was measured as 0.5.

Other reports of kinetic studies deal with mechanisms of thermal oxidation of a
variety of simple ketones monitored via gas evolution (CO, CO,, H,, etc.),'”® alkaline
oxidation of aldehydes with copper and silver tellurates,'”” [M"(H,TeOg),]>~, and
oxidation of acetals of simple aldehydes in aqueous acetic acid with (i) N-
chlorobenzamide (H,OCI™" is the oxidant inferred)'’® and (ii) N-chlorosaccharin.!”

Accounts of the reductive coupling of two molecules of ketone via the McMurry
alkene synthesis have been described®® ® earlier under Miscellaneous Aldols.

Other Reactions

A 1-thiabuta-1,3-diene (104) undergoes highly stereoselective hetero-Diels—Alder
cycloadditions with chiral N-acryloyloxazolidinones. '8

Ph

Ph
g S
/N\/“\ ©

ph” S PhH,C 0

(104) (105) (106)

Alkylation of chiral 2-(aminomethyl)oxazoline (105; Z = CH,Ph) at the exocyclic
carbon—using n-butyllithium and an alkyl halide—proceeds with negligible de.
However, when the amine reactant is changed to a carbamate, e.g. (105; Z = CO,Ph),
the products exhibit up to 92% de.'8! This is ascribed to a preferred formation of an E-
enolate-type intermediate during deprotonation, due to complexation of the lithium by
the carbamate carbonyl.

Rate constants for the reaction of pinonaldehyde (106), an oxidation product of
o-pinene, with OH, NOs, and O3 have been measured in the gas phase.182

Boron cations, Me,B™ and (MeO),B™, are highly reactive towards carbonyl
compounds, but are not easily studied in condensed phase. In the gas phase, two
pathways compete:!3 (i) C=0 cleavage, with OH abstraction leaving behind a
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hydrocarbon cation corresponding to the entire carbon skeleton of the reactant; (ii)
C—C cleavage, involving abstraction of a small aldehyde with elimination of a
neutral alkene. Pathway (i) is thermodynamically favoured, and dominant for long-
chain substrates. Pathway (ii) competes kinetically for shorter chains, and the
product structures can identify the carbonyl substrate involved.

Hydrogenated furans can be prepared from the reaction of w«-olefins with
formaldehyde in trifluoroacetic acid: kinetics suggest that the reactions proceed via
equilibrium addition of the protonated aldehyde.'$*

Structural factors in the reactants and the reaction pH have both been varied to
optimize the electrophilic condensation of pyrimidines with cyclic ketones such as N-
substituted piperidones and 4-substituted cyclohexanones.'’

Muonium is a light isotope of hydrogen (<0.1 amu), and its muon nucleus is short-
lived (ca 2 ps). Kinetic isotope effects of 10?, relative to 'H, are known. Reaction of
muonium atoms with carbonyl compounds has been studied in aqueous solu-
tion.'%%  For acetone,'®® the major pathways are addition [Mu' +
Me,CO — HMu + Me,C’(OMu)] and abstraction [... —HMu 4+ MeCOCH,]. At
22 °C, the rate of muonium reaction with butanone, 3-pentanone, cyclohexanone,
di-+-butyl ketone, and the previously measured acetone'®® has an approximately
invariant value of 1x 108 M~!s™! (4£20%), and even acetaldehyde reacts at
<2 x 108 M~ s7!. This lack of rate dependence on structure is in marked contrast
to the rates of reaction of H', where even the closely related acetone and butanone differ
by 22-fold,'3¢ and reaction is slower than Mu'. It appears that abstraction, which is
often the dominant reaction in the case of 'H, is practically absent for Mu. Presumably
tunnelling is more important for addition, whereas the heavier 'H wins out in the
abstraction reaction as transition states involving muonium have higher zero-point
vibrational energy. As muonium isotope effects are used to investigate mechanisms of
many reaction types, the example underlines the importance of identifying the products
of kinetic studies, whether ‘ordinary’ or ‘exotic’ species are involved.

The balance of the two pathways for muonium and acetone described here is reversed
when the acetone is localized in micelles.'s’

The structure of the product of the reaction of resorcinol (m-dihydroxybenzene) with
acetone—uncertain for over a century—has been confirmed!®® as (107). The
mechanism is proposed to involve initial formation of mesityl oxide (Me,C=CH-
CHCOMe), as reaction of authentic oxide with resorcinol produces the same product.
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6-Amino-5-thioformyluracils, e.g. (108a), have their thioaldehyde function stabilized
by the amino group; this may involve tautomerization to an imino-mercaptomethylene
structure (108b). The reactivity of (108a) with enamines has been investigated.'®’

Several bicyclo[2.2.1]heptane derivatives with a 1,4-dicarbonyl moiety undergo
C—C bond cleavage via intramolecular pinacol coupling, promoted by samar-
ium(1I) iodide.!*°

Kinetics of isomerization of glyceraldehyde to dihydroxyacetone—and the formation
of pyruvaldehyde from both—have been studied in sub- and super-critical water.'*!

Formaldehyde reacts with isoeugenol [1-(3-methoxy-4-hydroxyphenyl)propene] in
alkaline medium to give a 1,3-dioxane derivative via an unusual Prins-type reaction.!*?

The potential-energy surface for the equilibrium, HCO + HCN & H,CO + CN, has
been calculated'®® by ab initio methods.
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CARBOXYLIC ACIDS
Tetrahedral Intermediates

Base-catalysed ring fission of a series of substituted benzocyclobutenediones (1) to give
the corresponding 2-formylbenzoic acids (2) proceeds via a rapid reversible addition
of hydroxide ion to the dione giving an anionic tetrahedral adduct followed by
intramolecular nucleophilic attack on the second carbonyl group. '80 experiments
support the formation of the tetrahedral intermediate.! These authors have also studied
the base-catalysed ring fission of the related 3,4-diphenylcyclobut-3-ene-1,2-diones (3)
to give the corresponding (Z)-2-0x0-3,4-diphenylbut-3-enoic acids (4) via the sequence
shown in Scheme 1, which involves the tetrahedral intermediate (5).2

Measurement of Hammett p values for the hydroxide and phenoxide attack on 4-
nitrophenyl esters of substituted benzoic acids shows that there is a large change in
hybridization at the carbonyl carbon atom and the transition state for the concerted
reaction which has a substantial tetrahedral geometry corresponding to a change from
sp? to sp? at the carbon.?

A large body of work has indicated the involvement of zwitterionic tetrahedral
intermediates in a number of systems. The n-butylaminolysis of substituted phenyl
esters (Scheme 2) in acetonitrile has been studied by Williams’ group.* A zwitterionic
tetrahedral intermediate (T¥) is implicated in the mechanism and its formation may be
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slow for one of the paths involved or C—OAr bond fission may be rate limiting in
another path. The cyclization of the hydantoinamides (6) involves the mechanism
shown in Scheme 3 with the participation of zwitterionic and first an anionic tetrahedral
intermediate. At high pH, T~ is in equilibrium with the reactants and the rate is
controlled by proton transfers producing T*.> The aminolysis with benzylamines of p-
nitrophenyl N-phenylcarbamates goes by a stepwise mechanism involving breakdown
of intermediate (7) as the rate-limiting step by deprotonation at the amino group of the
benzylamine. Hammett studies including the measurement of the cross-interaction
constant and kinetic isotope effects with N-deuteriated benzylamine support this
mechanism.® Rate-determining breakdown of the T (8) is again the crucial step in the
aminolysis with benzylamines of phenyl 2-furoates in acetonitrile.” The intermediate
(9) is involved in the reactions of anilines, N,N-dimethylanilines, and benzylamines
with phenyl dithioacetates in acetonitrile.® For the first two sets of bases the mechanism
is rate-determining expulsion of the leaving group but, for the benzylamines, the slow
step is attack by the base.

The pyridinolysis of 2,4-dinitro- and 2,4,6-trinitrophenyl O-ethyl dithiocarbonates
(10) involves tetrahedral zwitterionic intermediates in stepwise reactions.” The reaction
of pyrrolidine with (10; Ar= X-phenyl) in aqueous ethanol involves slow formation of
a zwitterionic tetrahedral intermediate. There are major differences in this reaction
compared to that involving piperidine as the base.!” The T* (11) is involved in the
reactions of phenyl and 4-nitrophenyl chlorothionoformates with secondary alicyclic
amines.!! The formation of the intermediate is the slow step. The reaction of the aryl
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thionocarbonates (12) is shown in Scheme 4 and a tetrahedral zwitterionic intermediate
(13) is seen to be involved.!?> The reaction of N-ethoxycarbonylphthalimide (14) with
MeNHOH involves a zwitterionic tetrahedral intermediate formed by base attack at one
of the carbonyl carbons of (14).!3
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The reaction of barbiturate and 1,3-dimethylbarbiturate ions with 2- and 4-
nitrobenzaldehyde and 2,4-dinitrobenzaldehyde represented generally in Scheme 5
involves a diffusion-controlled (viscosity effects on rates) proton transfer from
hydronium ion to an addition intermediate T~ in the slow step.!* The addition of water
and ring-opening reactions of the protonated benzoxazines (14) involves the cyclic
intermediate (15). At low buffer concentrations buffer-catalysed collapse of the
intermediate is rate limiting but, at high buffer concentrations, the addition of water is
the rate-limiting step.!> The anionic tetrahedral intermediate (16) is involved in the
hydrolysis of the 2/, 2/, 2'-trifluoroethyl monoester of 1,8-naphthalic acid (17).!¢

A series of molecules potentially capable of forming anionic tetrahedral adducts at
the active site (18) have been assessed as sources of transition state analogues and as
inhibitors of the class C f-lactamase of Enterobacter cloacae P99."7
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The different behaviour of sulfthydryl (HS™) and hydroxyl (HO™) anions in their
nucleophilic addition reactions to carbonyl groups has been examined using ab initio
calculations.'® All the anionic tetrahedral adducts formed by the sulfhydryl ion are
characterized by higher charge transfer but are significantly less stable than the
analogous tetrahedral adducts formed by hydroxyl ion. This phenomenon can be
explained using density functional theory (DFT). The mechanism of decomposition of
the carcinogen N-methyl-N-nitrosourea (MNU) (19) in water involves the tetrahedral
intermediate (20) resulting from attack of hydroxide ion at the carbamoyl carbon atom.
The overall reaction sequence is shown in Scheme 6."° The carcinogenicity of (19)
arises from its ability to methylate DNA and this work has implications for the
understanding of this action.
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Other references involving tetrahedral intermediates are 21, 38, 49, 54, 55, 96, 103,
105, 128, 211, 212 and 216.
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Intermolecular Catalysis and Reactions
Reactions in Hydroxylic Solvents

(a) General

MO calculations have shown that the acylation rate of amines is mainly influenced by
the donor activity of the unshared electron pair on the N atom of the amine.?’ The rates
of hydrolysis in aqueous NaOH of the alkaloid strychnine (21; R = H) and seven of its
derivatives (21) have been determined and it has been found that the quantitative effect
of positively and negatively charged groups are in approximate agreement with
calculations using the Kirkwood—Westheimer theory.?! The point is also made that
strychnine is a good subject for physical organic studies, being cheap and undergoing a
diversity of reactions. Hammett 6,, and o, values have been found to correlate very well
with critical points (CPs) determined from a molecular electrostatic potential (MESP)
topography study of monosubstituted benzenes.?? The range of ¢ values correlated runs
from ca 0.7 to ca —0.7.

(b) Esters

(i) Formation The effect of dielectric properties in a continuous flow system under
microwave irradiation of esterification has been studied.?? Base-catalysed deprotonation
of N-protonated glycine methyl ester (23) at neutral pD gives the amino acid ester
enolate (22).* Todine catalyses the acetylation of amines, phenols, and alcohols with
acetic anhydride in excellent yields. The mechanism may involve complexation of the
iodine with the acetic anhydride followed by nucleophilic attack to give acetate and an
unstable acylhypohalite MeCOOI which eliminates iodine to continue the reaction.?
The main variables controlling the lipase-catalysed enantioselective esterification of 2-
arylpropionic acids are enzyme content, amount of water, temperature, stirring speed,
and solvent. Immobilized lipase from Rhizomucor miehei (lipozyme IM) was used in
this study. A new and convenient parameter (enantiomeric factor, EF) is defined for
assessing the enantioselectivity of the reaction.?®

(ii) Tramsesterification The kinetics in acetonitrile of the acyl group transfer from the
pyridinium salts (24) to 4-( p-dimethylaminostyryl)pyridine N-oxide (25) to give (26)
have been determined and activation parameters also calculated (Scheme 7).2’ The
acyloin (27) can be resolved using lipase—triethylamine-mediated dynamic transester-
ification to give optically pure (28). The method is a new route to optically pure
oxodicyclopentadiene.?® Direct elimination, as shown in (29), rather than an ene
mechanism is favoured for the transfer of succinyl from aryl enolsuccinates to the
enolates of aryl ketones (30). Semiempirical calculations and the results of a deuterium-
labelling experiment support this view.?’ The rates of exchange of the 2,4,6-
trimethylphenolate ion between dimeric lithium 2.4,6-trimethylphenolate-dy, repre-
sented as (31), and a series of esters (32) have been determined in various organic
solvents. The dimer does not dissociate and the rates of transesterification increase with
increasing solvent donicity.>
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(iii) Other reactions Disolvated lithium diisopropylamide (LDA) deprotonates (33)
to give the enol (34) in THF—toluene via a cyclic transition state. The mechanism
involves complexation of (33) and LDA.THF monomer to give LDA. (THF), (33),
which decomposes to give (34).3' The kinetics of pyrolysis of methyl ricinoleate to give
methyl undecylenate (35) and heptanol (36) have been reported on.’?> The effect of
boric acid on the kinetics of hydrolysis of p-nitrophenyl esters of dihydroxybenzoic
acids has been studied.’® Boric acid inhibits the hydrolysis of 2,3-dihydroxybenzoic
acid p-nitrophenyl ester but it does not affect the hydrolysis of the 3,4-dihydroxy ester.
This contrasts with the effect of boric acid on the hydrolysis of the salicylate ester and
simulates borate inhibition of serine proteases.

The rates of acid-catalysed methoxy exchange between methanol and the three
diastereomers of 2-methoxy-4,6-dimethyl-1,3-dioxalane (37a—c¢) were measured in
benzene and methanol—chloroform. Rate constants were evaluated in a novel way using
1D-EXSY NMR pulse sequence and a weighted least-squares analysis. The critical
intermediate is (38) and rates of methanol attack on it in benzene show a 24-fold axial
selectivity whereas in methanol—chloroform the selectivity difference is ninefold.>*

Potential energy profiles have been determined for two series of reactions:

(1) X~ +HCOY where X =Y =H, F, or Cl and
(il) X~ +RCOX where X = F or Cl and R = SiHj3, Me, CN, or NO,

Energies of all stationary points were evaluated at the Hartree—Fock and the second-
order Moller—Plesset (MP2) correlation levels with 6-31114 4+ G** for (i) and 6—
314G* for (ii). Acyl transfers can proceed through single-, double-, or triple-well
energy profiles in the gas phase depending on X, the nucleofuge Y, and the R
group.>> Comparative molecular field analysis (COMFA) has been used in an unusual
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way to examine transition state conformations and the reactivity of 4-nitrophenyl
benzoate and its sulfur analogues with anionic nucleophiles.*® The analysis showed that
both steric and electrostatic effects are important.

A Bac2 mechanism is proposed for the saponification of ethyl benzoate in ethanol—
water.’” The reactions of aryl benzoates in absolute ethanol with ethoxide, aryloxides
and acetophenone oximates occur via a stepwise mechanism in which the formation of
the tetrahedral intermediate is rate determining.®® A stepwise mechanism is also
supported for the reactions of p-nitrophenyl-substituted benzoates with hydroxide and
p-chlorophenoxide. The evidence comes from breaks in Hammett plots as the acyl
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substituent becomes a strong electron withdrawer.>° In related work on the reactions of
phenoxide ions with substituted phenyl benzoates in absolute ethanol, the same group
also support a stepwise mechanism.** They also determined by a kinetic method the
pK, values for 10 substituted phenols in ethanol. Neighbouring-group participation by
acyl carbonyl groups has been demonstrated in the hydrolysis of the benzoates (39) and
the phenyl acetates (40) by studying the alkaline hydrolysis of (39) and the neutral and
alkaline hydrolysis of (40) and comparing the relative rates and activation parameters.*!
The same group has examined the sulfur analogous of (39) and (40). Thus, the alkaline
hydrolysis of (39; Y = H, X = SMe, SOMe, SO;Me) and [40; Y = H, X same as in
(39)] have been studied and the relative rates and activation parameters indicate the
importance of polar and steric effects in the hydrolysis.*? The effect of solvent on the o-
effect has been probed in the reaction of p-nitrophenyl acetate with m-chlorophenoxide
and benzohydroxamates in MeCN-water.*> The hydroxamates exert a large a-effect in
water. Thermodynamic functions of activation of the alkaline hydrolysis of ethyl
benzoate and of ethyl p-nitrobenzoate (41) in ethanol-water mixtures have been
studied.** The hydrolysis of a series of N-methylpiperidinyl and tropinyl (42) esters in
70% DMSO has been investigated and correlated fairly well in regression equations
with terms for electronic (Taft 6*), hydrophobic (log &), and steric (molecular volume)
effects. A correlation coefficient of 0.94 was obtained.*’
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The reaction of 2,4-dinitrophenyl benzoate with secondary cyclic amines in DMSO-
water shows a break in a Brensted plot near pK, 9.1 and the microconstants for the
various stages in the reaction have been obtained and these gave good straight line
Bronsted plots.*® The a-effect was observed as a positive deviation in the linear log & vs
pK, plot for the reaction of p-nitrophenyl X-substituted benzoates (43) with primary
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amines, the two amines that deviated being hydrazine and hydroxylamine.*’ The acyl
transfer reaction from p-nitrophenyl acetate to hydroxylamine at pH 6 and 12 has been
examined for kinetic isotope (leaving group '%0, carbonyl oxygen 20, p-deuterium,
carbonyl carbon *C and nitro group !'’N) effects. The results obtained have been
interpreted in terms of slow breakdown of the intermediate (44) at low pH and attack of
hydroxylamine with concerted expulsion of nitrophenolate at high pH.*® Heavy atom
isotope effects have also been looked at in the hydrazinolysis of methyl formate. At
pH 8 the slow step is the breakdown of a tetrahedral intermediate to products but at
pH 10 the formation of the intermediate is the slow step.*’

(c) Lactones and derivatives
The enthalpy of formation of the oxiranone (45) has been estimated as
—190 & 10 kJ mol™! by means of ab initio MO calculations at the QCISD(T) = full/
6-3111G(2df,p)//MP2 =full/6-311G(d,p) level of theory and this corresponds to
a ring strain energy of 169 kI mol~'. The calculated enthalpy of formation of
cyclopropanone is 6.3 kJ mol™'. The oxiranone ring is believed to be slightly less
strained than the cyclopropanone ring.’® The same workers have carried out theoretical
calculations on the reaction pathway for the elimination of halide from the o-
halocarboxylates (46) giving (47).>! The o-chloroacetate has an Sy2 type transition
state but the chloropropionate is more Syl1-like. Finally they have looked at the
structure and stability of the hydroxyoxiranone (48) using MO methods.>? The standard
enthalpy of formation is —377 = 10 kJ mol~' and this corresponds to a ring strain of
104 kJ mol™". The hydroxy substituent on (48) stabilizes the a-lactone by 65 kJ mol ™.
Semiempirical MO calculations (AM1 and PM3) on the addition of nucleophiles to
unsaturated five- (49) and six-membered (50) bislactones of the Pechmann dye type
indicate that a similar mechanism operates for the two reactions.>> The slow step is the
addition of a second nucleophile to the enol of the ring-opened monolactone. The
compounds (49) are found to be more reactive than (50). The rate-determining step is
considered to be the formation of a tetrahedral intermediate in the alkaline hydrolysis of
the unsaturated lactones and esters (51)—(56).>* The base-catalysed hydrolysis of a
series of y-lactones (57) in 70% aqueous dioxane to give the 2-acetylbenzoates (58) has
been examined for a very wide range of compounds (57) and the results can be related
to an electrostatic field model.>®

Cyclization to a morpholinolactone (59) occurs in the hydrolysis reaction of the di-N-
hydroxylethylated compound (60). Compound (59) is rapidly hydrolysed by water to
(61) but in the presence of equimolar amounts of amines (RNH;) or amino acid
derivatives (62) forms.® A novel reaction of cyclic 2-diazo-1,3-dicarbonyl compounds
(63) with lactones (64) affords the products (65) in the presence of rhodium acetate,
Rhy(OAc),.’” Lewis acid-promoted intramolecular additions of allylsilanes to p-
lactones gave substituted cyclopentanes.”® A proposed transition state guided efforts to
improve the stereoselectivity of the reaction. The reaction of a series of f-lactone
derivatives, such as (66)—(68), has been studied and they have been ring cleaved; the
reaction outcome is both Lewis acid and structure dependent.>
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The reaction of a-peroxylactones (69) with C, N, P, and S nucleophiles via Sy2 attack
at the more electrophilic alkoxy oxygen of the peroxide bond leads to a variety of
products including oxygen transfer and addition products and catalytic Grob-type
fragmentation.® Dyotropic ring enlargements of f-lactones to y-lactones follow a
concerted mechanism involving inversion at the C(4) atom.5!

(d) Acids and anhydrides

ADb initio calculations have been carried out on the decomposition of mandelic acid (70)
at the MP2/6-31G** level.®? Three competitive pathways have been characterized.
Two are stepwise processes with the formation of an «-lactone intermediate and ring
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opening and the third mechanism is a one-step process. The peroxyformic acid (71)
decomposition in the hydrogen peroxide—formic acid system has been mathematically

analysed.®

The kinetics and mechanism of the reaction of carboxylic acids with phosgene COCl,
in DMF in benzene were zero-order in substrate and proceeded via rapid formation of
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(72) and the rate-limiting step was the reaction of (72) with phosgene to give the
intermediate (73), which rapidly decarboxylated to give RC4H4COCL% Decarboxyl-
ation also occurred in the thermal decomposition of various haloacetic acids (74;
X=Y=Z=F, X=Y=H,Z=Cl;, X=H, Y=Z=Cl;, X=Y=Z=C(]
X=Y=H, Z=Br; X=Y =H, Z =1). Semiempirical calculations gave activation
energies for the various processes.®

Solvent effects on the dissociation of 11 2,6-disubstituted benzoic acids have been
analysed by chemometric analysis.®® The acid—base behaviour of the three zwitterionic
pyridinecarboxylic acids (picolinic, nicotinic, and isonicotinic acid) has been studied.
The cationic form of picolinic acid converts partially into the corresponding zwitterion
within a borderline acidity range (pH/acidity function). The various pK, values were
determined for the three isomers by spectrophotometric and potentiometric methods
and reasonable agreement was found.®’

Kinetic data for the reactions of diazodiphenylmethane in 10 different alcohols with
2-(4-phenyl substituted)cyclohex-1-enylcarboxylic acids (75) were correlated using the
extended Hammett equation.®® Reaction of the species (76)—(78) with the light
radioactive H isotope, the muonium atom, has been studied.®® The largest primary
kinetic isotope effects ever reported (ca 850) are seen in this work for the addition of
muonium to one of the C=0 groups.

The reaction of benzoic acid with n-butyllithium goes by nucleophilic addition of #-
butyllithium to benzoic acid giving (79) and then the ketone (80), which reacts with
another molecule of n-butyllithium to give (81), which can hydrolyse to the final
alcohol.”® Reaction of a set of substituted benzoic acids in toluene with the carbinol
base of Crystal Violet have been investigated spectrophotometrically.”! The rate
constant for the forward step of the acid-carbinol reaction was found to be an
appropriate criterion for assessing acidities in toluene and these acidities were found to
be much more dependent on the substituents in the benzoic acids than aqueous phase
acidities are. The acid-catalysed breakdown of N-(2-aminophenyl)phthalamic acid (82)
has been studied in dilute aqueous acids in the pH range 0—6.7> The main reaction gives
N-(2-aminophenyl)phthalimide (83) which rearranges to 2-(2-carboxyphenyl)benzimi-
dazole (84).

ME,N=CHCIRC4H,CO, RCH,CO,COCI
12) (73)
COH
C6H4X-p
XYZCCO,H HO,CCO,H
(74) (75) (76)
HO,CCO,~ -0,CCOy Ph(Bu")C(OLi)OH

(77) (78) 79)
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The kinetics of the reaction of acrylic acid with aqueous ammonia giving f-alanine
have been investigated.”

The kinetics of the nucleophilic substitution reactions of benzoic anhydrides with
anilines in acetonitrile—water have been studied.”* A frontside Sy2 mechanism with a
four-membered ring transition state has been proposed.

(e) Acid halides

The reactions of ketene and dimethylketene with hydrogen halides giving the acylium
(85) and vinylium (86) halides have been examined theoretically.”> The formation of
(85; R=H, X=Cl) was more favourable than that of (86; R, X same) by
112 kJmol~!. An S\2 mechanism was operative in the nucleophilic substitution
reactions of phenacyl halides, ArCOX, with pyridines in MeOH-MeCN mixtures. A
product-like TS was predicted from a quantum mechanical model.”® A Costa Rican
group has assessed the relative reactivity for 2-propanolysis of a series of chlorides and
found that the following was the order of reaction: PhSCl>PhCOCI>PhSO,Cl>
PhCH,CI>PhCl. The rate coefficient ratios were in the same order.”” Two papers by
Kevill’s group deal with the solvolysis of phenyl chloroformate (87)’® and phenyl
chlorothioformate (88).” The specific rates of solvolysis of (87) have been measured in
21 solvents and can be easily correlated using the Grunwald—Winstein (G—W) equation
including the Nt parameter for solvent nucleophilicity and the Y solvent ionizing
parameter. The coefficients of these are 1.68 and 0.57, respectively. An addition—
elimination pathway with addition being slow is proposed. A similar type of study has
been undertaken with (88) and again using the G—W extended equation dual reaction
pathways are proposed for the solvolysis of (88).” They involve again an addition—
elimination mechanism in solvents of low ionizing power and/or high nucleophilicity
but, in solvents ‘rich’ in fluoro-alcohol and in water, a mechanism involving ionization
with a high degree of stabilization of the TS by solvation of the developing acylium ion
is operative.
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)o 0 o
N N
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The kinetics and mechanism of the dechlorination of N-aryl 2-oxo-2-phenylamino-
ethanehydrazonyl chlorides (89) in triethylamine in aqueous dioxane at 25 °C giving
the oxanilic hydrazide (91) and 1,4-diaryl-1,2,4,5-tetrazine (92) have been examined.®
The slow step of this interesting reaction is considered to be the breakup of the nitrilium
imide (90).
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N\ J\
ITI CONHPh
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(f) Ureas, carbamates, hydroxylamine, and derivatives
The NH acidities of some sterically hindered ureas, namely the ureido esters (93), have
been reported.®! The kinetics and mechanism of the alkaline hydrolysis of urea and
sodium cyanate, NaCNO, have been studied at a number of temperatures.®? Urea
hydrolysis follows an irreversible first-order consecutive reaction path. Tetrahedral
intermediates are not involved and an elimination—addition mechanism operates.
Sodium cyanate follows irreversible pseudo-first-order kinetics. The decomposition of
the carcinogen N-methyl-N-nitrosourea (19) was dealt with earlier.!” The pyrolysis of
N-acetylurea goes by a unimolecular first-order elimination reaction.®3

There are five papers on carbamate chemistry of interest.®847%7 The mechanism of
the reaction in MeCN of N-methyl-N-phenylcarbamoyl chlorides (94) with benzyl-
amines is believed to be Sy2 based on Hammett p values, a cross-interaction constant
Pxy of —0.14, ky/kp values for the N-deuteriated benzylamines all <1, and low
activation enthalpies.® The aminolysis of p-nitrophenyl N-phenylcarbamates in
acetonitrile involving the T* (7) was discussed earlier.® Solvolysis—decomposition of
N-1-adamantyl-N-p-tolylcarbamoyl chloride (95) in hydroxylic solvents involves a
facile slow ionization (Sy1 mechanism) giving a cation which eliminates ArNCO to
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give adamantyl chloride or is attacked by solvent to give ether.®> The oxirane
intermediate (96) is crucial in the reactions of benzyl carbamates (97) with LDA,
diphenyl phosphorochloridate, and sodium azide yielding «-azidobenzeneacetamides
(98) and the phosphate (99).3¢ The kinetics and mechanism of reaction of methoxide
ion with nine different O-(N-arylcarbamoyl)benzophenone oximes (100) has been
examined (Scheme 8).8” The experimental results can be equally well interpreted in
favour of the two mechanisms shown in the scheme. However, the authors have devised
a test to support the E1c¢B path. Using n-butylamine in the reaction they diverted part of
the reaction path and N-butyl-N’-(3-nitrophenyl)urea product also forms together with
the usual carbamate product (101). In experiments involving equimolar methoxide ion
and n-butylamine in MeOH and the same amount of #-butylamine in MeOH the ratio of
urea to (101) products remains the same. Had a Bx¢2 mechanism operated, the authors
argue that the amount of (101) formed should be two orders of magnitude smaller in the
second experiment.

OMe
MeO~ I
ArNHCO,N=CPh, 87 AINH—C—0~ ——>  ArNHCO,Me + “ON=CPh,
Ac
(100) O—N=CPh, (101)
iT MeOH, MeO~
_ —Ph,C=NO"
ArN—CO,=NCPh, E1B AIN=C=0

SCHEME 8
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Two papers have appeared on hydroxylamines.?®8° Methylation of N-phenylhydr-
oxylamine PhNHOH with methyl 4-methoxyphenylsulfonate (102) and related
sulfonates in DMSO gave alkylation of the O atom rather than the N atom. The crucial
role of the zwitterion (103) is examined.®® The fragmentation of the N-nitrosohydr-
oxylamines (104) is stepwise and not concerted and NO is liberated in the reactions.®
These conclusions were reached from kinetic, millimetre-wave spectroscopy and "0
NMR studies.

Hydroxamic acids have been the subject of six papers.*>°"%* Earlier the operation of
the a-effect in the reaction of p-nitrophenyl acetate with benzohydroxamates in aqueous
MeCN was discussed.*3 The conformational behaviour of series of mono- (105) and di-
hydroxamic acids (106) in MeOH, DMSO, and chloroform and in the solid state has
been examined with IR and NMR spectroscopy.”’ X-ray crystal structure determina-
tions of (105; X = Me, R = Me) and the monohydrate of glutarodihydroxamic acid
(106; n = 3, R = H) together with ab initio MO calculations for several hydrated and
non-hydrated acids have been performed. The cis-Z conformation of the hydroxamate
groups is preferentially stabilized by H-bonding with water.

Three papers from Ghosh’s group deal with the hydrolysis of benzohydroxamic acids
in acidic®’"*? and alkaline®® conditions. A pre-equilibrium protonation followed by a
slow A4-2 type nucleophilic attack by water is seen as the mechanism of the acid-
catalysed hydrolysis of p-chlorophenylbenzohydroxamic acid (107; R = p-CIC¢Hy) by
mineral acids (HCI, HCIO,) in 20% aqueous dioxane.”! An 4-2 mechanism was also
supported for the reaction of (107; R = Me) under comparable conditions.”> The
alkaline hydrolysis under micellar conditions of (107; R = Ph) and a series of para-
substituted derivatives has been investigated in the presence of cationic and anionic
micelles in 5% dioxane—water medium at 55 °C.°> Cationic surfactants exerted a
catalytic effect and anionic surfactants were inhibitory. The rate—surfactant profiles were
analysed in terms of the pseudophase and Piszkiewicz models. The detection of N,O in
the products of the oxidation of hydroxamic acids suggests the intermediacy of nitroxyl,
HNO, in the process.’* Scheme 9 may represent the pathway followed.

(g) Amides and anilides
An ab initio study of N- vs O-protonation using formamide (108), the somewhat
strained N-formylazetidine (109), highly strained N-formylaziridine (110), and various
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protonated tautomers has been made. The electron correlation effect was found to be
important in determining the protonation sites since it helps to stabilize N-protonation
somewhat more than O-protonation. O-Protonation is highly favoured in (109) and in
(108), but N-protonation is favoured in (110).°> Another ab initio study, this time on the
alkaline hydrolysis of amides, has been reported.”® The three amides, N-methylacet-
amide (111), acetanilide (112), and N-acetylimidazole (113) have been investigated. For
(111) and (112) in the gas phase a route involving a tetrahedral intermediate and
a cyclic transition state is supported. The thermal decomposition of some N,N-
dialkylamides giving rise to acids, ketones, amides, and imides has been investigated at
215°C.%7

An H_ acidity function scale has been constructed for methoxide ion in methanol and
its mixtures with DMSO (10-80%, v/v) using the dissociation of 11 amides (114) as
the anchors for the scale.’® The degradation pathways of the anti-flammatory and
analgesic lornoxicam (115), which contains an amide bond, have been examined”
recently. In acid, cleavage of the amide bond was the main reaction path and in alkaline
and neutral solution the proton shift of the enolic hydroxyl initiated the major
degradation pathway. The mechanism of hydrolysis of some N-nitrobenzamides (116)
in strong acid follow an 4-1 mechanism with O-protonation but, in more moderate acid,
they exhibit a neutral water-catalysed mechanism. N-Methyl-N-nitroacetamide (117)
shows only the neutral water-catalysed process. Nitrourea follows an A4-1 acid-catalysed
mechanism.!%

The alkaline hydrolysis of the compounds (118)—(123) in 70% (v/v) dioxane—water
at various temperatures has been investigated.!”' Intramolecular catalysis by the
neighbouring carbonyl group occurs in the alkaline hydrolysis of (118)—(121) and the
alkaline hydrolysis of (122) and (123) is rapid owing to their lactone structures. The
hydrolyses of C-terminal amides of x-amino acids was dealt with earlier.® Also, the
acid-catalysed cleavage of N-(2-aminophenyl)phthalamic acid (82) was discussed
earlier.”?

An interesting triethylamine-catalysed acyl exchange has been reported by a Japanese
group;'%? (124) with 1-naphthoyl chloride (125) gives (126) which has undergone both
intramolecular acyl exchange and attack by the chloride at the N. The water-catalysed
hydrolysis of p-nitrotrifluoroacetanilide (127) and trifluoracetanilide (128) involve rate-
limiting concerted or nearly concerted formation of a diol, possibly of type (129), which
is a tetrahedral intermediate, and this or a related species then undergoes C—N cleavage
in preference to OH expulsion.!%
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(h) Lactams

A Spanish group has been carrying out theoretical calculations on the hydrolysis of the
B-lactam ring.'%47196 In the first study on the alkaline hydrolysis in the gas phase of
penicillin G, the AM1 method predicted the opening of the thiazolidine ring to yield the
corresponding imine and enamine.'* A thorough study using ab initio MO calculations
on the alkaline and acidic hydrolysis of the f-lactam ring of azetidin-2-one has been
made.'® Alkaline hydrolysis was studied assuming a Bac2 mechanism involving a
tetrahedral intermediate, while the acid hydrolysis was studied through an A-1
mechanism. The influence of solvent on the alkaline hydrolysis of the -lactam ring of
azetidin-2-one was investigated using the reaction field method (SCRF). The TS was
found to correspond to a structure where the HO™ ion lies at a distance of 1.927 A from
the C=0 group of the lactam ring and exhibits a potential barrier of 13.6 kcal mol~".1%

Two mechanisms (i.e. direct hydrolysis and alternatively a path via an unstable acyl
phosphate intermediate) are involved in the hydrolysis in phosphate buffer of N-
arylsulfonyl B-lactams such as (130).'97 The acyl phosphate intermediate can be
trapped with hydrazine. The alkaline hydrolysis of some torsionally distorted lactams,
i.e. the bridged benz[de]isoquinolin-1-ones (131), in 70% (v/v) DMSO-water has been
compared under the same conditions with the hydrolysis of N,N-dimethyl-1-
naphthamide (132). The relative rates of reaction and activation parameters indicate
the effect of torsional distortion.!®® The reaction of the tricyclic azetidinones (133) with
trifluoroacetic acid gives the bicyclic thioesters (135). The mechanism may involve
acid-catalysed elimination of methanethiol to give an azetinone intermediate (134)
which, after nucleophilic attack of the thiol, is converted into (135).'%

The degradation of several commercial penicillin antibiotics has been reported.!!? 113
Thus the kinetics and mechanism of decomposition of cefazolin ester (136) in
phosphate buffers!!” and the effect of hexadecyltrimethylammonium bromide-based
microemulsions on the decomposition of the antibiotic cephalosporin, cephaclor
(137)!'! have been reported. Reaction of the latter can occur intramolecularly or
intermolecularly by hydroxide attack. Degradation in the solid state of cephaclor (137)
has also been reported.!'> The same group has looked at the decomposition under
aqueous acidic conditions.!!3 The degradation pathways that have been recognized are
(1) hydrolysis of the f-lactam carbonyl with subsequent rearrangement, (ii) ring
contraction of the six-membered cephem nucleus to five-membered thiazole derivatives
through an episulfonium ion intermediate, and (iii) attack of the primary amine of the
phenylglycyl side chain on the ‘masked’ aldehyde at C(6) to form pyrazines.
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(1) Non-heterocyclic nitrogen centres
The kinetics and mechanism of the phosphorus-catalysed dimerization of acrylonitrile
to give 1,4-dicyanobut-l1-ene and 2,4-dicyanobut-1-ene have been studied.!'* The
reactions of aryliminodimagnesium (138) with p’-substituted p-cyanobenzophenones,
I-cyano-9-fluorenenone, o-, m-, and p-dicyanobenzenes, and o-, m-, and p-
nitrobenzonitriles have been examined.'’> The effect of pressure on the reaction of
3-methyl-1-(4-tolyl)triazene (139) and benzoic acid in chloroform and acetonitrile has
been studied.'!® The effect of acids on the rate of urethane formation from alcohols and
isocyanates in the presence of alkyltin carboxylates has been examined.''” A Hammett
o value has been reported for the amidine group N=CHNMe, and used for the

prediction of the basicity of sites in bifunctional amidines.

118



58 Organic Reaction Mechanisms 1997

Aryl carbazates (140) containing a methyl group in the 2-position hydrolyse by a
Bac2 mechanism but the others hydrolyse by an £1c¢B mechanism.!'” This conclusion
was reached from a study of a wide range of ring-substituted compounds.
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Kinetic evidence for the involvement of a-hydroxydialkylnitrosamines (142) in the
pH-independent solvolysis of the o-(acyloxy)dialkylnitrosamines (141) has been
obtained.'?”® The aminolysis in benzene of O-(2,4-dinitrophenyl)-p p-disubstituted
benzophenone oximes (143) with pyrrolidine and piperidine are third order in amine.'?!
Hirst’s mechanism involving electrophilic catalysis operates and can explain the various
effects observed. The bis(pentamethylphenyl)-N-isopropylketenimine (144) undergoes
pre-equilibrium N-protonation in aqueous acetonitrile followed by water attack. An
inverse solvent isotope effect and the observation of the diol (145) confirm this.!??

(j) Other heterocyclic nitrogen centres

CI* transfer from N-chlorosuccinimide (146) to an amine or amino acid to form an
N-chloro compound is seen as the key step in the reactions of (146) with glycine,
sarcosine, 2-methylalanine, proline, and pyrrolidine (Scheme 11). The reaction was first
order in (146), first order in amine/amino acid and first order in proton.'?3 The
aminolysis of N-ethoxycarbonylphthalimide (14) was mentioned earlier in this review.!?
Twelve of the thiadiazoles (147) were prepared by the acid-catalysed intramolecular
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dehydrative cyclization of the corresponding 4-(4-halophenyl)-1-(isomeric pyridyl)
thiosemicarbazones. The effect of structure on reactivity with respect to the halogen
atom and a reaction mechanism for the intramolecular cyclization are discussed.'?* The
kinetics and mechanism of the hydrolysis of the thiadiazole (148) at pH 2—13 have been
examined.'? At pH 10-13 an Sx2 mechanism is favoured whereas at pH 2-8 an Sy1
mechanism finds support.

0 0
R NH3+ R NH3+
N—Cl + >< — N~ + ><
R" co, R” co,cl
o) 0
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Two papers on the aminolysis'?® and hydrolysis'?’ of isatin (149) have appeared. In
the aminolysis study using piperidine, the reaction rate was much faster in water than in
aqueous MeOH or aqueous MeCN. A multi-step mechanism was proposed. In the
hydrolysis study the focus was again on the effect of solvent on rate in base hydrolysis,
both ethanol and ethylene glycol being used. The reaction rate decreases with
increasing ethanol content and it passes through a minimum at about 30% ethylene
glycol.'?’

The hydrolysis of acetyl- (150; R = MeCO) and benzoyl-imidazoles (150;
R = PhCO) involves the reversible addition of water to the imidazole to give the T=.
At low acidities the decomposition of this is the slow step but, as the acidity increases
and water activity decreases, its formation becomes rate determining.'?® By contrast,
the hydrolysis reactions of the N-acyl derivatives of 2,4,5-triphenylimidazole proceed in
a concerted manner and do not involve tetrahedral intermediates.'?’

Some interesting reactions of the super-electrophile 4,6-dinitrobenzofuroxan (151)
with aryloxide ions have been reported;'3® (151) with phenoxide ion gives the O-
bonded g-adduct (152) which has been fully characterized for the first time. On
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warming the solution, (152) yields (153) and (154). The base-catalysed cyclizations of
the N-(o-nitrophenyl)glycine derivatives (155) and (156) may involve a common 2,1,4-
benzoxadiazine intermediate (157).!3! The hydrolysis of a wide range of N-alkyl-6-
acetylaminotriazinediones (158) over the full pH range has revealed four distinct
regions in rate—pH profiles for the reaction corresponding to cationic, neutral, and
anionic species and a region for attack of hydroxide on the anion. As the pH increases,
increasing C—O bond formation in the TS occurs along the sequence from cationic to
neutral to anionic, but C—N bond breaking is out of line and is largely dependent on
conformational factors.!3?

The acid-catalysed hydrolysis of the cyclic diazothiolactone, 4-diazoisochroman-3-
one (159) to a ring-contracted product involves protonation of the diazo carbon in the
slow step.!>> A variable-temperature NMR study has been undertaken to study the
reaction of the pyrazine (160) giving (161a; R = OH, Me, H). Spectral evidence has
been obtained supporting the involvement of the dihydroimidazopyrazine ring system
(161b)."3* Work by Edward and co-workers on the alkaline hydrolysis of strychnine and
some of its derivatives was dealt with earlier.?!

The mechanism of 2-phenylbenzoxazole (162) formation from benzoic acid and o-
aminophenol in polyphosphoric acid has been studied by NMR and chemical
analysis.!3 Initially benzoic acid reacts with (162) to form benzoic phosphoric
anhydride and benzoic polyphosphoric anhydride. When o-aminophenol dissolves in
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the polyphosphoric acid, part of the hydroxyl group is converted to phosphate ester.
Dynamic equilibria exist between the polyphosphoric acid, o-aminophenol and its
phosphate ester and also between benzoic acid, mixed anhydride and polyphosphoric
acid. The mixed anhydride and o-aminophenol react to form 2-aminophenyl benzoate
as the first reaction intermediate and this undergoes rapid acyl migration to give 2-
hydroxybenzanilide. Ring closure of the latter, which is acid-catalysed, completes the
sequence, yielding (162).

Reactions in Aprotic Solvents

Several reactions that have been conducted in aprotic solvents have been dealt with
earlier; see references 4, 7, 8, 27, 64, 71, 84, and 88. The following references ahead
will also deal with reactions in aprotic solvents: 116, 273, 275-278, 281, 289, 305, and
306.

Intramolecular Catalysis and Neighbouring-group Participation

The sulfonium entity in the bicyclooctane compound (163) exercises a neighbouring-
group effect in the hydrolysis of this compound. Rates and activation parameters were
very similar for both Z-isomer (163) and the E-isomer, lending support to the theoretical
prediction that charge—dipole and charge—charge separation in both isomers are not
significantly different.’*® Two examples of amide group anchimeric assistance have
been reported.'37138 In the first example, a neighbouring amide group participates in
competitive reactions of (164) giving by intramolecular cyclization (165) and by
hydrolytic cleavage of the ether link (166); (164) is the well known herbicide,
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metolachlor.'” Acid hydrolysis of the phosphinic ester (167) is facilitated by the
f-carboxamido group. The promotion of the hydrolysis is dependent on the electron
density of the amide, indicating the intermediacy of the cyclic imidate (168) in this
reaction.!3® Phosphinic esters can inhibit metalloproteases and this gives further interest
to this work.

CH,S*Me, ~OTs
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N

(162) (163)
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(0) Cl (|) Cl OH
(165) (164) (166)

There are a number of papers involving participation by carbonyl groups. Two of
these have been noted earlier.*’:!"! Neighbouring-group participation by a keto
carbonyl group is indicated from studies of the alkaline hydrolysis of the 2,3-
diphenylacrylates (169) by Bowden’s group. They compared relative rates, activation
parameters and substituent effects for (169) with those for the corresponding ring
(pseudo) esters (170).'3° In further work from the same group,'* intramolecular
catalysis by a neighbouring carbonyl group has been detected in the alkaline hydrolysis
of compounds (171)—(174). Methanolysis of p-methoxyphenyl 2-formylbenzenesulfo-
nate (175; R! = CHO, R? = H) in the presence of anhydrous potassium carbonate at
ambient temperature in dry methanol gives the acetal (176); however, under identical
conditions, the 4-formylsulfonate (175; R! = H, R?> = CHO) does not react.'"*! This
supports the operation of intramolecular nucleophilic catalysis during nucleophilic
substitution at sulfonyl sulfur in the 2-formylsulfonate.

The o-carboxyl group in the acetal (177) enhances the rate of acetal ring opening by a
factor of 220 compared with the analogous p-isomer.'*> Compounds with other o- and
p-derivatives (e.g. CO,Me) have straightforward pH—log (rate constant) profiles with
slopes of ca —1.0.

Intramolecular catalysis of amide bond isomerization is believed to play a key role in
the folding of several proteins and this process has now been demonstrated
experimentally including evidence for an H-bond between the side-chain and the
prolyl N, in a cis-proline peptidomimetic.'*3 The amide (178) and the ester (179) have
been used as substrates for these studies. Support for intramolecular nucleophilic attack
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in the base-catalysed fission of a series of substituted 2,2-dihydroxyindane-1,3-diones
(180) in 30% (v/v) dioxane—water has been obtained from kinetic and product
studies.'** Base-catalysed cyclization of (181)—(183) involves in each case ionization to
the enolate anion, followed by rapid intramolecular nucleophilic attack and dehydration
to give the corresponding enones.'*> The kinetics and mechanism of intramolecular
general base-catalysed methanolysis of ionized phenyl salicylate in mixed MeOH-
MeCN solvents with a fixed water content have been reported.'*® The MeOH exists in
monomeric, dimeric, and polymeric forms in these solvents. The effects of various
alkali metal ions have also been looked at. Intramolecular general base catalysis in the
acetylation of a family of a,w-amino alcohols (184; n = 0-3) by acetylimidazole has
been reported.'#” The order of reactivity does not follow the order of basicity of the
amino groups in (184); instead it follows the ease of formation of intramolecular H-
bonds and thus enforced intramolecular H-bonding facilitates the reaction.
Reference 306 also deals with a neighbouring-group effect.
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Association-prefaced Catalysis

A quantitative assessment of the effects of head group bulk on Sy2 and E?2 reactions in
cationic micelles has been made.'*® The kinetics of the acid-catalysed hydrolysis of
methyl acetate in the presence of cationic, anionic, and non-ionic surfactants has been
reported on.'*’ The alkaline hydrolysis of n-butyl acetate with cetyltrimethylammonium
bromide has also been investigated.'>° The alkaline hydrolysis of aromatic and aliphatic
ethyl esters in anionic and non-ionic surfactants has been studied.'>! Specific salting-in
effects that lead to striking substrate selectivity were observed for the hydrolysis of
p-nitrophenyl alkanoates (185; n = 2—16) catalysed by the 4-(dialkylamino)pyridine-
functionalized polymer (186) in aqueous Tris buffer solution at pH 8 and 30 °C. The
formation of a reactive catalyst—substrate complex, (185)—(186), secems to be promoted
by the presence of tris(hydroxymethyl)methylammonium ion.'?

Three new macrocyclic ligands (187) when complexed with zinc(II) could promote
ester hydrolysis and a kinetic study of the hydrolysis of 4-nitrophenyl acetate in Tris
buffer at pH 8.63 in 10% (v/v) MeCN was carried out with these.!>* The hydrolysis of
lipophilic esters is also catalysed by zinc(Il) in a complex of a long alkyl-pendant
macrocyclic tetraamine (188) in micellar solution.'>* A study with a copper chloride-
containing micelle has compared its effectiveness in the hydrolysis of esters and
amides. !>
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The aminolysis!*® and methanolysis of ionized phenyl salicylate (189) have
been examined under micellar conditions. The effect of CTABr on the rates of
aminolysis of (189) by n-butylamine, piperidine, and pyrrolidine is to bring about a rate
decrease (up to 17-fold with pyrrolidine). The results are interpreted in terms of binding
constants for the amines with CTABr and the pseudo-phase model.!>® The effects of
mixed surfactants SDS and CTABr on the methanolysis of (189) and the alkaline
hydrolysis of phenyl benzoate suggest that micellar aggregates are involved in the
processes.’>’ The effects of NaOH and KBr on the intramolecular general base-
catalysed methanolysis of (189) in the presence of CTABr has been investigated.!®
Pseudo-first-order rate constants were not affected by either additive but other changes
were noted.!*® The effect of mixed MeCN-water solvents on the same reaction has also
been probed.'’

Three papers from the same group deal with micellar hydroxamic acid
hydrolysis.”> 160161 Micellar effects on the alkaline hydrolysis of (107; R = Ph) were
discussed”’ earlier. Similar type results are reported in the other two papers.'®:16!

Alkyl (Me, Et, n-Pr, n-Bu), alkyldimethyl, and alkyltrimethylammonium bromides
retard the neutral hydrolysis of 1-benzoyl-1,2,4-triazole (190) to benzoic acid and the
triazole (191).'%? This effect is attributed to a dominant stabilization of the initial state
through hydrophobic interactions with the co-solute. The effects of cetylpyridinium
bromide on the hydrolysis of 2,4-dinitrochlorobenzene by hydroxide ion in water have
been reported.'3

The effects of cationic head groups on the alkaline hydrolysis of the quinoxaline
(192) to give (193) have been looked at using the surfactants (194; R = Me, Et, n-Pr, n-
Bu; X = Cl, OH).'%* The reactivity increases with increasing head-group size and is
related to the disruption of the hydration of the HO™ ion. An earlier paper from the
same group describes the synthesis of (192) and some micellar effects on its basic
hydrolysis.!®> A novel site-selection functionalization reaction is facilitated by histidine
side-chains in helical structures which can catalyse the acylation by mono-p-nitrophenyl



66 Organic Reaction Mechanisms 1997

fumarate of flanking lysine, ornithine, and 1,3-diaminobutyric acid residues. This
method increases the potential of polypeptide and protein design.'®

The effect of hexadecyltrimethylammonium bromide (CTABr)-based microemulsions
on the decomposition of the f-lactam antibiotic cephaclor (137) was described
earlier.!!!

p-Nitrodiphenyl phosphate (195) in aqueous micellar hexadecyltrimethylammonium
chloride (CTACI) in phosphate buffer at pH 8 is cleaved by 1,3-dihydro-1-oxido-3-
methyl-1,2,3-benziodoxaphosphole 3-oxide (196) and by 1-H-1-oxido-5-methyl-1,2,3-
benzodoxathiole 3,3-dioxide (197);'%” (196) and (197) were about 50 times less reactive
towards o-iodosobenzoate (198).
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A review with ca 500 references has appeared on the stability of cyclodextrin
complexes in solution. The principal headings in it are: nature of cyclodextrins (CDs);
binding equilibria and kinetics; strengths of CD complexes; structures of CD
complexes; sources of CD complex stability; and prediction of CD stability.'8

The effects of $-CD on the kinetics of hydrolysis of salicylic acid esters (199;
R = Me, m-nitrophenyl and p-nitrophenyl) have been examined, as has the Smiles
rearrangement of (199; R = Me). The latter was accelerated by -CD but its hydrolysis
was not affected. Various other effects are reported for the other esters.!®’

Tee’s group has reported on the catalysis of enolization of indan-2-one (200) by «-
CD, p-CD, y-CD, hydroxyethyl-#-CD, and hydroxypropyl-$-CD, all of which accelerate
the reaction by up to 22-fold, but dimethyl-3-CD slows it by about half.!”® These
workers have also looked at the effect of alcohols on the basic cleavage of m-
nitrophenyl hexanoate by f-CD.!”! Finally, they have been examining the reaction of a-
amino acid anions with p-nitrophenyl acetate and hexanoate in the presence of f-CD.!”?
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The rates of hydrolysis of the trifluoroacetates (201; X = H, Me) increase in a non-
linear fashion in the presence of f-CD. Some differences in rate between the two
substrates have been explained as being due to different modes of inclusion.'”®> The
novel CDs (202) and (203) have been synthesized in 45% and 66% yields, respectively,
and their complexation with various L/D amino acids have been examined. Importantly,
(202) and (203) can be detected by fluorescence spectroscopy and they can recognize
the size and shape but also the chirality of the amino acids.!’” A B-CD dimer with a
linking bipyridyl group (204) has been synthesized and shown to bind both ends of
potential substrates into two different cavities of the CD holding the substrate ester
carbonyl group directly above a Cu(Il) ion bound to the bipyridyl unit. This achieves
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very effective hydrolysis (accelerations of 10*-10°-fold) and good turnover (ca 50
times) catalysis.!”

Metal-ion Catalysis

Several papers on zinc(Il)-catalysed reactions have appeared during the period of
review. 341767178 The hydrolysis of esters achieved with the zinc(I) complex (188) was
mentioned earlier.!>* Tris(2-aminoethyl)amine functionalized with phenolic residues
giving molecules such as (205; OR = p-OH and m-OH and OR = m-OMe), (206) and
(207) can form stable complexes with zinc(Il) ions at pH >6—6.5. These complexes
behave as molecular receptors of p-nitrophenyl esters of carboxylic acids and can
catalyse their hydrolysis up to 60 times faster than in normal solution. The most
efficient complex was (205; OR = m-OH)-Zn(II).'7® A calix[4]arene-based dinuclear
zinc(Il) catalyst from the ligand (208) produces a 23 000-fold rate enhancement in the
catalytic cyclization of the RNA model substrate 2-(hydroxypropyl)-p-nitrophenyl
phosphate (209) at pH7 at 25 °C. This is the largest rate acceleration reported for
nuclease mimics using this substrate.!”” The effects of nickel(Il), zinc(Il), and
copper(Il) on the hydrolysis of methyl derivatives of salicyl anil (salicylanilide) (210)
have been reported. The accelerating effect occurs in the sequence Ni> Zn > Cu.!”®
The use of copper-containing micelles to catalyse ester and amide hydrolysis was
discussed earlier.!® The oxidation of 34 different sulfides, R—S—R’, by bis(2,2'-
bipyridyl)copper(Il) permanganate giving the corresponding sulfoxides RS(O)R’ has
been examined kinetically.'”® The reaction was first order in catalyst and is catalysed by
H™ also. Michaelis—-Menten-type kinetics were observed with respect to the sulfides.
Some of the kinetic results were analyzed in terms of the Taft-Pavelich equation.

Organozinc reagents and tetrakis(triphenylphosphine)palladium catalyst have been
employed to convert (S)- and (R)-propargylic carbonates of type (211) into chiral
allenes such as (212a,b) with ee of 82-85%.!3°

The vanadium(V) oxidation of the sulfide PhCH=CHSPh has been studied in
aqueous acetic acid containing perchloric acid. The reaction is first order in
vanadium(V) and fractional order in sulfide. An intermediate complex of vanadium
and the sulfide forms and its decomposition is the slow step of the reaction.'®! Two
Indian groups have reported on the use of ruthenium(VI) and ruthenium(III).'3%183 The
kinetics and mechanism of the oxidation of diethylene glycol by aqueous alkaline
potassium bromate in the presence of Ru(VI)!#? and the Ru(Il)-catalysed oxidation of
aliphatic alcohols by trichloroisocyanuric acid'®? have been examined.

The effect of cation-complexing agents on the barium(Il)-assisted basic ethanolysis
of phenyl acetate has been looked at.'3* Addition of various crown ethers yields ternary
complexes of 1:1:1 crown—-metal-ethoxide composition and a definite cation activation
takes place. Cryptand 222 removes the catalytic activity.

Catalysis by cobalt(IlI) has been the subject of several papers.'®> 137 The N,N-
bis(salicyldene)ethylnediaminocobalt(Ill)-catalysed oxidative carbonylation of o-, m-
and p-substituted primary aromatic amines in MeOH gives ureas, isocyanates,
carbamates, and azo derivatives. A Hammett p value of —0.5 for the reaction indicates
that electrophilic attack of CO at a nitrogen anion complexed to Co in the TS is
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occurring.'® Substantial TS cleavage in the rate-limiting step is indicated from a study
of heavy-atom isotope effects ('*O-non-bridge, '#O-bridge, '°N of the nitrophenyl) for
the reactions of the stable Co(Ill) complexes (213) and (214) of p-nitrophenyl
phosphate.'%¢ Hydrolysis of adenosine 3',5-cyclic monophosphate (CAMP) by cobalt
complexes (215; Ny = 2 diamines or 1 tetraamine) has been studied at pH 7 and 50 °C.
Catalytic activity and product distribution are highly dependent on the nature of the
amine ligand and a 10'°-fold acceleration has been observed; (216) shows the proposed
mechanism in which a hydroxide ion coordinates to Co(IIl) in the cis position to the
cAMP and intramolecularly attacks the P atom of cAMP.!%’

The reaction between an unsaturated ester and an aldehyde catalysed by DABCO (the
Baylis—Hillman reaction) is catalysed by lanthanides and Group III triflates, particularly
La and Sm, and additional acceleration can be obtained by addition of diol ligands.'®

Ce(IV) ions efficiently catalyse the hydrolysis of phospho monoesters in nucleotides
under physiological conditions. The proposed mechanism for the hydrolysis is
illustrated in (217).'%° Uranyl cations (UO%*’) catalyse the hydrolysis of aggregated
and non-aggregated p-nitrophenyl phosphodiesters such as (218)/(219) and (220),
respectively.!®® Bis(p-nitrophenyl) phosphate (218) hydrolysis is accelerated ca
2.8 x 10°-fold by Th(IV) cations in aqueous Brij micelles.!”! The reactivity of Th(IV)
towards (219) and (221; R = Et, Ci4Hs3) also exceeds that of uranyl ion'*® and is
comparable to that of Ce(IV) and exceeds that of other metal cations.

An intermediate involving oxidant, substrate, and catalyst is formed in the Cr(III)-
catalysed oxidation of formic acid by Ce(IV) in aqueous sulfuric acid medium. A
Cr(IIT)/Cr(IV) catalytic cycle operates in the reaction.'*?

Decarboxylation

The structures and isomerization and decomposition mechanisms of oxalic acid have
been studied using density functional theory and ab initio calculations. Unimolecular
formation of carbon dioxide and dihydroxycarbene, (HO),C: has an activation barrier
of 31 keal mol~! and unimolecular formation of formic acid from dihydroxycarbene
has an activation barrier 31kcal mol™' higher. The most favourable unimolecular
decomposition channel appears to be the formation of carbon dioxide, carbon
monoxide and water.!”> The decomposition of 2-chloropropionic acid in the gas phase
to form HCI, CO, and MeCHO has been examined theoretically and a two-step
mechanism involving the formation of an a-propiolactone intermediate is envisaged.'**
The same Spanish group has looked at the reaction mechanism for the decomposition
of a-hydroxycarboxylic acids (glycolic, lactic, and 2-hydroxyisobutyric acid) in the gas
phase, giving CO, water and the corresponding carbonyl compounds.'®> Again a two-
step mechanism with a lactone intermediate is supported. The gas-phase decomposition
of f-ketocarboxylic acids, XCOCH,COOH (X = H, OH, Me), has been studied by ab
initio MO theory.!”® Six-membered-ring transition structures are energetically favoured
over four-membered ones in all cases. The thermal decomposition of y-thiobutyro-
lactone (222) has been explored by ab initio methods. Decarbonylation leading to CO,
CH,=CH, and MeS is the main process, but decarboxylation leading to COS and
CH,=CHMe is a minor process.'®’
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A kinetic study of the thermal decarboxylation of «,x-difluoro fS-lactones (223;
R = H, Me) in the gas phase and in various solvents has been reported.!*® 4b initio
calculations have also been carried out.

Fluorodecarboxylation of arylchloroformates in the vapour phase to give fluoro-
benzene and its analogues can be achieved in high yield using anhydrous HF.'®
Reaction occurs quickly at 300—400 °C using chromium and aluminium oxyfluoride.
The effects of micelles on the decarboxylation of p-aminosalicylic acid (224) have been
examined.?%’
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The decarboxylation of 3-carboxybenzisoxazole (225; R = H, NO;,) gives CO, and
(226). This reaction has been studied using '*C and >N kinetic isotope effects.?’! The
isotope effects were modelled theoretically at the semiempirical and ab initio levels, but
comparison of experimental and theoretical results shows that the former cannot be
successfully predicted by theory at the level of calculation employed. The kinetics of
decarboxylation and deamination of DL-leucine by acidic permanganate in the presence
of silver ion in moderately concentrated sulfuric acid is a two-stage process.?’?> The
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reaction is first order in amino acid and permanganate and displays a fractional order in
silver ion. A water molecule acts as a proton transfer agent in the slow step.

The decarboxylation of the acetoacetic acid (227) to the hexan-2-one (228) in the
presence of '80-labelled water revealed obligatory incorporation of '*O in the
antibody-catalysed reaction which is consistent with the decarboxylation proceeding
through an imine intermediate.?*

The carboxylation of ethylenediamine (229) is first order in protonated (229) and the
rate constant was an order of magnitude lower than that for (229) under identical
conditions.?* The effects of solvents on the decomposition kinetics of some diacyl
peroxidases (230) was assessed using time-resolved FTIR spectroscopy at <3 kbar and
<155°C.2%

The decomposition of mandelic acid (70),%% the elimination of CO, from the
intermediate in the reaction of phosgene with carboxylic acids,®* the thermal
decomposition of haloacetic acids (74),%> and the hydrolysis of aryl carbazates
(140)'"° were discussed earlier.

Enzymic Catalysis
General

Comprehensive Biological Catalysis—a Mechanistic Reference Volume has recently
been published.?’® The full contents list (approximate number of references in
parentheses) is as follows: S-adenosylmethionine-dependent methyltransferases (110);
prenyl transfer and the enzymes of terpenoid and steroid biosynthesis (330); glycosyl
transfer (800); mechanism of folate-requiring enzymes in one-carbon metabolism
(260); hydride and alkyl group shifts in the reactions of aldehydes and ketones (150);
phosphoenolpyruvate as an electrophile: carboxyvinyl transfer reactions (140); physical
organic chemistry of acyl transfer reactions (220); catalytic mechanisms of the aspartic
proteinases (90); the serine proteinases (135); cysteine proteinases (350); zinc
proteinases (200); esterases and lipases (160); reactions of carbon at the carbon
dioxide level of oxidation (390); transfer of the PO%‘ group (230); phosphate
diesterases and triesterases (160); ribozymes (70); catalysis of tRNA aminoacylation by
class T and class II aminoacyl-tRNA synthetases (220); thio—disulfide exchange of
divalent sulfur (150); and S'V sulfotransferases (50).

Bioinorganic enzymology has been reviewed under the following major headings:
catalysis without electron transfer—new developments in zinc and iron—sulfur
enzymes; catalysis with electron transfer—biological electron transfer; carbon
metabolism; oxygen metabolism; nitrogen metabolism; and hydrogen metabolism.?’

The calculated [using a quantized classical path (QCP) approach] and observed
isotope effects and rate constants are in good agreement for the proton-transfer step in
the catalytic reaction of carbonic anhydrase. This approach takes account of the role of
quantum mechanical nuclear motions in enzyme reactions.??

Using the idea of a ‘theoenzyme’, that is a theoretical enzyme which contains a
suitable array of functional groups that quantum mechanical calculations predict would
be capable of catalysing a reaction, Houk’s group has shown how the reaction of a
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hydroxypropyl epoxide (231) catalysed by an antibody gives a tetrahydropyran (232)
rather than the THF derivative (233) mainly arising with acid or base.?”

Serine Proteinases

A reaction looked at earlier simulates borate inhibition of serine proteinases.’?

Resorufin acetate (234) is proposed as an attractive substrate to use with chymotrypsin
since the absorbance of the product is several times more intense than that formed when
the more usual p-nitrophenyl acetate is used as a substrate. The steady-state k., values
are the same for the two substrates, which is expected if the slow deacylation step
involves a common intermediate. Experiments show that the acetate can bind to
chymotrypsin other than at the active site.?' Brownian dynamics simulations of the
encounter kinetics between the active site of an acetylcholinesterase and a charged
substrate together with ab initio quantum chemical calculations using the 3-21G set to
probe the transformation of the Michaelis complex into a covalently bound tetrahedral
intermediate have been carried out.?!! The Glu 199 residue located near the enzyme
active triad boosts acetylcholinesterase activity by increasing the encounter rate due to
the favourable modification of the electric field inside the enzyme and by stabilization
of the TS for the first chemical step of catalysis.?!!
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Lipases and f3-Lactamases

The enantioselective esterification of 2-arylpropionic acids catalysed by a lipase was
discussed earlier.?® Steady-state kinetics of the Pseudomonas cepacia lipase-catalysed
hydrolysis of five analogous chiral and achiral esters (R)- and (S)-(235; R' =
Me, R? = H), (R)- and (5)-(235; R' = H, R?> = Me), and (235; R' = R? = H) were
studied in emulsified reaction mixtures of water-insoluble substrates.>'> The K, values
were all the same and the apparent kg, values reflected the binding abilities of the
alcoholate ions for the fast-reacting enantiomers. All the substrates are believed to be
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bound to the enzyme in the same manner and the breakdown of the tetrahedral
intermediate is rate limiting.

The kinetic results for the lipase-catalysed enantioselective hydrolysis of the esters
(236)—(240) can be interpreted in terms of frontier orbital localization.?!* The porcine
pancreatic lipase (PPL)-mediated optical resolution of 18 racemic esters can be
explained by a mechanistic model involving a W-shaped active conformation of the
substrate lying in a diastereo-discriminating plane.?'*

TS analogues and inhibitors of the class C ff-lactamase of Enterobacter cloacae P99
have been mentioned earlier.!” The same enzyme from the same bacteria has been used
to hydrolyse cephalexin (241) at pD 6.4 and 8.2!° The hydrolysis product is the
cephalosporoate intermediate (242) which undergoes tautomerization of the double
bond in the dihydrothiazine ring from position 3/4 to 4/5 and there is the uptake of a
proton at C(3).
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A concerted rather than a stepwise reaction involving a tetrahedral intermediate is
supported for the papain-catalysed hydrolysis of amides. The TS for the hydrolysis has
been determined by using a hybrid quantum mechanical/molecular mechanical
potential, QM(AM1)/MM.2!6

An octa(dimethylaminopropyl)calixresorcin[4]arene [243; R = CH,CONH(CH,;),
NMe,] is a primitive artificial esterase for 4-nitrophenyl esters of various carboxylic
acids. The overall mechanism is thought to involve complexation of substrate with the
arene in its neutral form followed by intracomplex reaction of a dimethylamino function
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with the ester.?!” Methane monooxygenases (MNO), a group of enzymes used to
oxidize methane, have been theoretically modelled to predict an intermediate metal-oxo
core like the one observed experimentally.2'® Quantum chemical methods were used to
construct this MNO model.

The iron enzymes, the lipoxygenases, catalyse the oxidation of 1,4-diene fatty acids
to alkyl hydroperoxides and the slow step of the reaction involves H atom abstraction
from the carbon adjacent to the two double bonds of the fatty acid by a Fe(OH),
species. This mechanism has now been shown to be correct by use of the lipoxygenase
model (244).2'° Two papers discussed earlier are relevant to this section.!3%:173
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Catalytic Antibodies

A review (>150 references) entitled ‘Binding energy and catalysis: the implications for
transition-state analogs and catalytic antibodies’ has appeared.’?’ The principal sections
are: transition-state theory and catalysis; protein—ligand interactions; forces available
for binding and catalysis; transition-state analog inhibitors; qualitative and quantitative
analysis and transition-state analogs; and catalytic antibodies. Lerner and co-workers??!
have reviewed (>40 references) antibody-catalysed cationic reactions: rerouting of
chemical transformations via antibody catalysis. A trapping reagent (245; BSA =
bovine serum albumin) which can identify antibodies with glycosidase activity has been
reported by the same group.???

Catalysis by an antibody of the hydroxylpropyl epoxide (231) was discussed earlier
within this enzymic catalysis section.’?” The decarboxylation of f-keto acids by
catalytic antibodies was also mentioned earlier.?> The generation of a monoclonal
antibody that can catalyse carbamate hydrolysis by the highly disfavoured Bac2
process, rather than the more usual addition—elimination ElcB process, has been
reported.’”> The haptens used were (246; R! = Et, H and R? = succinimidyl). The
N — O acyl-transfer reaction of (247) has been successfully mediated by an antibody
working from the haptens shown (248) and (249).22* Rate enhancements of greater than
10*-fold have been achieved in the hydrolysis of p-nitrophenyl glucopyranoside and
galactopyranoside using five-membered ring iminocyclitol (250) antibodies generated
by in vitro immunization.?>> A catalytic antibody can accelerate the cyclodehydration
step of Robinson annulation and it will be the first commercially available antibody.??°
The antibody developed by Lerner and co-workers is called 38C2 and apart from
annulation it can catalyse many other processes. In the Robinson annulation the
acceleration is about a factor of 3.6 x 10°. A pentacoordinate oxorhenium(V)
metallochelate elicits antibody catalysts for phosphodiester cleavage. The TS is shown
in (251; R =uracil-1-yl, H).??’

NON-CARBOXYLIC ACIDS
Phosphorus-containing Acids
Phosphates and Phosphonates

A review (91 references) on electrophilic and nucleophilic reactions of trivalent
phosphorus acid derivatives, reactions of two-coordinate phosphorus compounds, and
miscellaneous reactions has appeared.??® Earlier in this review we looked at the heavy-
atom isotope effects on reactions of Co(IlI)-bound p-nitrophenyl phosphate,'®¢ the
uranyl ion hydrolysis of p-nitrophenyl phosphodiesters (218)—(220),'*° and the Th(IV)
hydrolysis of these.!®"!

Recently, theoretical calculations suggested that the rate of HO™ attack on the neutral
phosphate monoester is very fast.”?’ Earlier studies underestimated this rate and the
present result indicates that the hydrolysis of phosphate monoesters in aqueous solution
is not inconsistent with a mechanism that involves proton transfer to the phosphate
oxygen followed by nucleophilic attack on the phosphorus. The hydrolysis of
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glyceraldehyde-3-phosphate (252) proceeds through an ElcB irreversible mechanism
with slow C(2) deprotonation, giving an enediolate intermediate which expels the
phosphate trianion.”3 The reaction between 2,4-dinitrophenyl acetate and n-decyl
phosphate (253; R = n-decyl, X = BnMe3N™) in dipolar aprotic media gives a
system which allows the facile formation of acetyl phosphate derivatives (Scheme
13).23! By restricting water in the system nucleophilic attack by water on the phosphate
is inhibited.
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The generation of alkyl-substituted monomeric metaphosphoric acid esters (254) has
been described using two different methods and the metaphosphate produced
spontaneously self-condensed to give polymeric P—O—P bonds. In the presence of
styrene polymerization is avoided and trapping occurs instead to give a diastereomeric
mixture of 2-alkoxy-1,3,2-dioxophospholane-2-oxides with (254; R = Me).?*? Pyridine
N-oxide—triethylamine mixtures individually or together catalyse the phosphorylation of
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nitrophenols and 2-[(4-dimethylamino)phenylazo]benzoic acid with diethyl chlorophos-
phate (255).233 A strong synergistic effect was observed when the two bases were used
and a mechanism for this has been suggested and supported.

Second-order rate constants for reactions of hydroxide ion and butane-2,3-dione
monoximate ion with various phosphate, phosphinate, and thiophosphinate esters pass
through minima with decreasing water content of water-MeCN and water—-BuOH
mixtures. The initial inhibition is offset by stabilization of the charge-delocalized
TSs. 23

A few papers on phosphonate chemistry have appeared.>*> 27 The synthesis of the
novel nucleoside bicyclic trisanhydrides (256; A = adenosin-#-yl) has been reported.?
A kinetic study of the alkaline hydrolysis of 4-substituted phenyl ethyl benzyl
phosphonates (257) supports an associative A—E mechanism for the hydrolysis.?3® The
direct preparation of the esters of p-nitrobenzylphosphonic acid from p-nitrobenzyl
halides has been reported.??’

A review (ca 300 references) on quinquevalent phosphorus acids dealing with
derivatives of phosphoric, phosphonic, and phosphinic acids has been published.?

Phosphorus—Nitrogen Centres

The phosphoramidates (258; R = Et, Me) do not undergo N-alkylation but when they
were converted into the corresponding monoanionic salts (259; Z* = Li) they showed a
high reactivity with benzyl chloride leading to a complex mixture of products, but with
methyl iodide the simple N-methylated product was obtained.?3° 3'P NMR has been
used to study the hydrolysis mechanism of phosphonitrilic chloride dimer (260) in
acidic and basic solutions. First the substitution of Cl by OH occurs and then the
replacement of ring nitrogens by oxygen and then the breakup of the six-membered ring
takes place.?4

Methyl N-z-butyl o-hydroxyiminobenzylphosphonamidate (261) rearranges in aprotic
solvents to give the Beckmann rearrangement product (262) but in alcohols it
undergoes fragmentation to give PhCN and (263). The involvement of the nitrilium ion
species (264) is suggested as an intermediate in both reactions.’*!

The kinetics of the nucleophilic monosubstitution of imidazole by p-nitrophenolate in
hexaimidazolylcyclotriphosphazene (265) in water—THF have been studied.?*> A two-
step mechanism involving the cleavage of a pentacoordinated intermediate to (266) in a
general acid-catalysed reaction is proposed. As expected for such a mechanism, a
change in the slow step occurs at pH >7 when the [buffer] increases and kops becomes
independent of [buffer].

The kinetics and mechanism of hydrolysis of monobutylaniline phosphate (267) in
acidic media have been reported on.>** The mechanism of hydrolysis of mono-
phenylhydrazophosphate, as its barium salt, was investigated.?**

The rearrangement of the N-phosphinoyl-O-sulfonylhydroxylamine (268) (with 57%
enrichment with one '®0 atom in the SO, group) to the sulfonamide (269) (43.7%
enriched with one '30 atom) occurs with Bu’'NH, in dichloromethane via the
phosphonamidic—sulfonic anhydride intermediate (270).24 The rearrangement of the
O-phosphinoyl compound (271) with #-butoxide gives the phosphonamidic—phosphinic
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mixed anhydride (272). A concerted mechanism with a TS like (273) is proposed to
explain the results.?*® The N- and O-phosphinoyl groups can interchange prior to
rearrangement in (274) and (275) giving mixtures of (276) and (277), and phosphoranes
(278) and (279) are suggested as intermediates.?4’

Phosphorus—Oxygen and Phosphorus—Sulfur Centres

The thionation of 2-substituted-4-aryl-5,5-dimethyl-1,3,2-dioxaphosphorinanones with
Lawessen’s reagent proceeded predominantly with retention of configuration and a
cyclic pentacoordinated intermediate was proposed.”*® Both P—N bond cleavage in
acidic solution and P—C and P—O bond cleavage in basic solution occur in the
hydrolysis of N-(methoxycarbonyl)carbamoylmethoxyphosphonyl)-a-amino acid ester.
Only P—O bond cleavage occurs with the N-(isopropylcarbamoyl) compound.?*

The V-type nerve agents (280; R! = Et, R? = Pr') and (280; R! = Bu/, R? = Et)
react by exclusive P—S bond cleavage with an equimolar amount of water to give the
corresponding phosphonic acid (281) and the 2-aminoethanethiol (282).2° The
mechanism may involve nucleophilic attack of the deprotonated phosphonic acid on
protonated (280) to produce a diphosphonate intermediate (283) that rapidly hydrolyses
to regenerate phosphonic acid. Reactions of the very toxic agent VX (284;
R = CH,CH,NPr) and the mildly toxic (284; R = Et) with HO;, HO~, RO, and
an oximate ion are seen as Sy2(P) concerted reactions rather than stepwise with the
formation of trigonal bipyramidal intermediates.?>!

The ester exchange reactions of the oxyphosphoranes (285; R = R = Ph, Me, 4-
nitrophenyl) with several alcohols, models for nucleosides, have been investigated.?>>
The oxidative hydrolysis of the phosphorus(V) esters of thiols such as (286)—(289) with
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peroxymonosulfate ion, HSOJ, have been investigated.”>* Cleavage of the phosphate
diester di-S-butyl phosphorothioate involves P—S fission.?* The cyclization of the
diaminocyclopentane (290) with thiophosphorodichlorides RP(S)Cl, may involve a
trigonal bipyrimidal intermediate.>>> The mechanism of hydrolysis of diethyl
dithiophosphate in aqueous acid has been explored.?’® The mechanism of the
isomerization/chlorination of O,0-dialkylthiophosphate (291) with phosphorus oxy-

chloride has been discussed in the light of a trigonal bipyrimidal intermediate.

257
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Biologically Important Reactions

The hydrolysis of adenosine 3’,5'-cyclic monophosphate (cAMP) by the cobalt
complexes (215) was considered here earlier,'® as was the Ce(IV)-catalysed hydrolysis
of phospho monoesters in nucleotides.'®® A review (ca 100 references) on current data
on the mechanism of cleavage-transesterification of RNA has appeared.®® In this
review special attention was focused on the two crucial steps in the hydrolysis of RNA,
i.e. cleavage—transesterification and hydrolysis of the cyclic phosphodiester (Scheme
14). The catalysis of various amines for the hydrolysis of RNA has been looked at and
ethylenediamine and propane-1,3-diamine are highly active under physiological
conditions because they exist as the catalytically active monocation forms.?*°

RO 0 Base RO o Base RO o Base
-ROH \
O OH (0) O (0] OH
o0 e b0
— ne()” AN > ()~
“or o0 0 0" Non
SCHEME 14

An enzyme that catalyses ATP-dependent 2’-phosphorylation and acetyl-CoA-
dependent 6’-acetylation of the antibacterial aminoglycosides has been reported.?®”
Because of its complementary spectrum of two enzymic reactions, this bifunctional
enzyme has a wide breadth of activity. Pentacoordinated thiophosphorane intermediates
such as (292a) and (292b) are involved in the hydrolytic reactions of the monothioate
analogues of 5'-O-methyluridine 2’- and 3’-dimethylphosphates, (293) and (294), which
have been studied over a wide range of HCI acidities, Hy = —1.7 to pH9.26!

A quantum mechanical method has been used to study the TSs of the uridine
phosphorylation reaction and an acid-catalysed Sy2 is the main mode of reaction.?%?

The ribonucleotide sulfur analogue 2'-deoxy-2'-thiouridine 3’-(p-nitrophenyl phos-
phate) (295) undergoes transphosphorylation to give 2’,3’-cyclic phosphorothioate
(296) followed by hydrolysis to give 2'-deoxy-2’-thiouridine 2’-phosphorothioate (297)
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(Scheme 15). The reaction pathway of (295) is similar to that of ribonucleotides but
there are some differences noted in this paper; for example, (295) hydrolyses 27-fold
slower than its 2’-hydroxyl analogue.?®® 2’-Phosphorylated (298; R = OH) and 2'-
thiophosphorylated (298; R = SH) dinucleotides were found to dephosphorylate
readily at 90 °C in neutral aqueous solution to give UpU.?®* The neighbouring 3’5’
phosphodiester function is thought to facilitate the 2’-dephosphorylation.

HO U HO U HO U
0 0 0]
—_— E—
o) SH o) S 0 SPO4%~
| Ny 3
P (297)
SN 7'\
OzN@O \2) 0] o o
(295) (296)
SCHEME 15

The hydrolysis reactions of N-phospho amino acids seen as models for protein
dephosphorylation have been studied in Tris—=HCI buffer (pH7.5-DMSO. The
reactions were first order and the rates were very much faster than those of simple
phosphoamidates. A pentacoordinated phosphorus intermediate is proposed on the
reaction pathway.?%> The rates of ester exchange reactions of alcohols (nucleoside
models) with the oxyphosphorane (299) have been studied and the rates of exchange
are much faster for diols than for mono-alcohols.?%

Using 1H-tetrazole, a more efficient procedure for the synthesis of nucleoside
diphosphate sugars from nucleoside 5'-monophosphomorpholidate and glycosyl
phosphate has been reported.?” A stepwise mechanism involving the formation of a
transient oxocarbenium ion intermediate (300) in the intramolecular condensation of
two models for Kdo8P synthase, the enzyme that catalyses the unusual condensation of
D-arabinose S-phosphate with phosphoenol pyruvate to form Kdo8P, is supported
in recent studies.?®® Low Brensted f,,. values of 0.08 (logkey vs pK,) and 0.07
(log kcat/ K Vs pK,) for the protein tyrosine kinase Csk-catalysed phosphorylation of a
peptide substrate family strongly support a dissociative mechanism since f3,,, values for
non-enzymatic dissociative phosphoryl transfers of phosphate monoesters are in the
range 0-0.3 and for associative phosphoryl transfers of phosphate triesters the values
are >0.5.26
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The phosphate derivatives (301)—(303) of 6-O-(2-hydroxyethyl)cyclohexane-1,2,4,6-
tetraol have been synthesized as inositol monophosphatase inhibitors, the putative target
for lithium therapy.?’® Compounds (303) and (302) are the most potent examples of a
primary alkyl phosphate and phosphate monanion inhibitor so far reported.

COCl1

SO,Cl (p-CISO,CgHy)oZ C,H,,_1CH,080,C¢H,Z
(304) (305) (306)

The TS for the tyrosine phosphate hydrolysis by the enzyme protein tyrosine
phosphatase (PTP1B) has been determined using a hybrid QM(PM3)/MM potential.>”!
The reaction was found to be dissociative in character with no P—S bond formation in
the TS but extensive P—O bond lengthening.

Sulfur-containing Acids
Sulfur—Oxygen Compounds

General base (f,,. =0.19) and nucleophilic catalysis mechanisms have been
established for the hydrolysis of benzenesulfonyl chloride. Two-parameter LFERs
were found for each route and electronic effects were seen to be greater than steric.?’?
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The solvolysis and methanolysis of PhSO,Cl in MeCN with tertiary amine catalysts has
been explored and a series of 4-substituted phenols and again both general base and
nucleophilic catalysis paths were recognized.?’ The reactivity of 3-sulfobenzoyl
dichloride (304) with substituted anilines leading to the 3-(chlorosulfonyl)benzanilides
in approximately 90% yield has been probed.?’* The kinetics of the sulfonylation of
aniline with the aryldisulfonyl chlorides (305; Z = O, S) reveals that the reactivity of
(305) exceeded that of PhSO,Cl significantly but was less than that of
(4-C1S0,),CsH4.27 The relative reactivity of PhSCI and PhSO,Cl compared with
non-sulfur-containing chlorides was looked at earlier.”’

Methanolysis of the sulfonates (175)'4! and the reaction of the sulfonate ester (102)
with hydroxylamine (103)% were looked at earlier. Yoh and co-workers have looked
at the reactions of (Z)-phenylethyl (X)-benzenesulfonates with (Y)-pyridines in
acetonitrile under pressure and the structure—reactivity relationships established show
that as the pressure is increased the mechanism moves from a dissociative Sy2 to early-
type concerted Sx2.27¢ In other studies also under pressure the same group found that a
mechanistic change from associative Sy2 to late-type Sy2 occurs as the pressure is
increased in the reaction of (Z)-phenacyl (X)-benzenesulfonates with (Y)-pyridines in
acetone.?”’

Lee’s group has published extensive results on aminolysis of sulfonates.?’ 28! Thus
the reactions of anilines with 2-cyano-2-propyl and 1-cyanocyclooctylarenesulfonates
in acetonitrile have been studied.?’® A dissociative Sx2 mechanism with a loose TS is
supported from the usual LFERs. An Sy2 mechanism is also found for the reaction
in acetone of (Z)-benzyl (X)-benzenesulfonates with (Y)-pyridines.?’”” Nucleophilic
substitutions with the cycloalkylmethylsulfonates (306) and anilines in MeOH were
also studied.?®” Finally the reaction of thiopheneethyl arenesulfonates (307) with
anilines and N,N-dimethylanilines in MeCN has been reported on.?8! Frontside-attack
in an Sy2 mechanism with a four-centre TS is supported.

King and Gill have been studying the reaction of alkyl 2,2,2-trifluoroethanesulfonate
esters (tresylates) (308) in aqueous base (pH >9) in the presence of a primary or
secondary amine.?®? Reaction with hydroxide is found to be a reversible £1cB process
and reaction with water is the normal sulfonic ester hydrolysis.

The hydrolysis/alcoholysis of (309; R = Pr", Bu', allyl, propargyl) with various
alcohols and water caused only a slight difference in the heat of activation for R but, for
a fixed R the variation was much greater. The kinetics could be described by a Taft—
Pavelich equation.?®’

The reactivity of amines and imidazolide anions with aryl 4-toluenesulfonates (310)
in 80% aqueous DMSO has been studied and Brensted f3,,,. values of ca 0.7 and ca 1.0,
respectively, were found.?®* The points for both the amines and the imidazolides can all
be accommodated on the same Bransted plot. S—O rather than C—O cleavage occurs in
the reaction. In a useful aside to this work the authors have shown that plots of pK, data
in water are linear with those in DMSO or 80% DMSO and these can be used to obtain
unknown pK, values. The same Ukrainian group has obtained deviations from Brensted
plots for the reaction of (310) with highly basic nucleophiles such as imidazoles
and arenesulfonamides. The f,,. value goes from 0.79 for pK,<11 to 0-0.1 for
pK,>11.0.28%
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Buffer catalysis of the hydrolysis of phenyl (311; R = Ph) and methyl (311; R = Me)
benzenesulfinates to give the sulfinic acid (312) and alcohol ROH is strongly
accelerated by both carboxylate and amine components of the buffer which give
Bronsted f values of approximately unity on separate lines. The carboxylates are about
44 times more effective than amines of similar basicity. A concerted Sy2 mechanism
with a hypervalent intermediate (313) is proposed for the nucleophilic reaction of these
esters.?®® The reaction of the thiosulfinate esters (314) with sulfenyl chlorides RSCI and
sulfenate esters (315) to give sulfinyl chlorides and disulfides and sulfinate esters and
disulfides, respectively, has been studied.?®” Hydrolysis of 2-(3-aminophenyl)sulfonyl-
ethanol hydrogensulfate gives under different conditions various products such as the
ether (316) and the sulfone (317).2%

The mechanism by which «, f-unsaturated ketones (see Scheme 16), ff-keto esters,
and uracil derivatives react with iodine in the presence of bis(tetra-n-butylammonium)
peroxydisulfate (318) in acetonitrile to give the appropriate iodinated products in good
yields is unclear.?®® The mechanism may involve the cleavage of (318) to give an n-
butylammonium sulfate radical, which can react to form a cationic iodine radical and
sulfate anion; the substrate then reacts with the iodine radical to form an iodine-bridged
intermediate.

Sulfur—Nitrogen Compounds

Ab initio calculations have been carried out on the gas-phase acid-catalysed hydrolysis
reactions of sulfinamide (319) using the 3-21G* sets.?’® The first step in the acid-
catalysed hydrolysis of N-methylmethanesulfinamide (319; R' = R?> = Me) is O-
protonation and this form is then transformed by addition of water to the sulfurane
intermediate (320). Intramolecular proton transfer from O to N follows and then slow
N—S bond cleavage to give products.?”® Studies with (319; R! = Me, R? =aryl) also
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indicate that N—S bond cleavage is rate determining. Rate constants have also been
obtained for the hydrolysis of (319; R! = C¢H4X, R? = CgH4Y) in the presence of
halide ions.?®! The acid- and nucleophile-catalysed hydrolyses of (319;
R! = C¢H4X, R? = C¢H,Y) have been studied and a hypervalent intermediate is
implicated in the mechanism in certain cases.?%?

The acid-catalysed reactions of N-nitrobenzenesulfonamides (321) via an A-1
mechanism gives either YCsH;SOZ and NH,NO, or YC¢H4SO,NH, and NO;.!%
Data on the alkylation of amines with the sulfonamide (322a) have been re-
interpreted®®® with a multiparameter LFER incorporating dielectric properties,
polarizability, Palm basicity, etc. Kinetic studies on the nitrosation of N-methyl-4-
tolylsulfonylguanidine (322b) suggest a mechanism involving rapid nitrosation of the
N-methyl nitrogen followed by slow general base-catalysed proton transfer.?**

A bimolecular reaction has been proposed for the reaction with hydroxide ion and
imidazole in aqueous acetonitrile and aqueous EtOH solutions of the 1,2,3-
benzoxathiazole 2,2-dioxides (323) under various pressures.”’> The effect of N-methyl
substituents in the cyclization of 2-methoxycarbonylphenylsulfamides (324) to give
(1H)-2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxides has been examined.?

The reversible formation of a monoanionic trigonal bipyrimidal intermediate with
hypervalent sulfur (325) has been supported in the alkaline hydrolysis of the f-sultam
(326).27 A second deprotonation by hydroxide takes place to give (327) before the
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intermediate collapses to product (328). The acid-catalysed hydrolysis of (326) involves
a sulfonylium ion intermediate (329).

The hydrolysis of a series of spir0—24—sulfanes such as (330)—(332) leads to sulfoxides
in dioxane—water solutions. A mechanism involving slow nucleophilic attack of water
on the positively polarized sulfur atom and simultaneous O—H and S—N bond cleavage
is proposed.?’® The photo-oxidation of the sulfenamides (333; R = Me, Et, Ph, Bn,
etc.) has been reported.?””
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The kinetics of reaction of a number of S-nitrosothiols (334) in water with
mercury(Il) salts have been reported. Reaction is first order in both reactants and the
products are nitrous acid and the corresponding thiol-Hg?>* complex. The mechanism
involves slow attack by water at the nitrogen atom in the complex.>*® The same group
has also studied the copper(Il)-catalysed decomposition of the S-nitrosothiols derived
from penicillamine, cysteamine, thiomalic acid, N-acetylpenicillamine, and cysteine.3"!

Sulfur—Carbon Compounds and Other Sulfur-containing Functionalities

Aminolysis of phenyl dithioacetates,® pyridinolysis of O-ethyl dithiocarbonates,’

reaction of pyrrolidine with O-ethyl S-aryl dithiocarbonates,'® aminolysis of
chlorothionformates,'! pyridinolysis of alkyl aryl thioncarbonates,'? reaction of anionic
nucleophiles with nitrophenyl benzoate and its sulfur analogues,*® hydrolysis of methyl
benzoate and phenyl acetate containing SMe, SOMe and SO,Me substituents,*?
solvolysis of phenyl chlorothioformate,’® synthesis of new thiadiazoles,'?* examination
of a neighbouring sulfonium group in ester hydrolysis,'3¢ hydrolysis of V-type nerve
agents,”*" and the reactions of peroxymonosulfate ion with phosphorus(V) esters have
all been looked at previously in this review.

A low-temperature study in superacid media of mono-, di-, and tri-protonated
thiourea has been carried out.’> The experimental results were confirmed by theoretical
calculations. Monoprotonation occurs at sulfur and, whereas the mono- and di-
protonated forms are thermodynamically stable, the triprotonated ion is only kinetically
stable. The pyrolysis of N-acetylthiourea and N,N’-diacetylthiourea (335) are
unimolecular first-order eliminations.®> Acid-catalysed ethanolysis of N,N’-di- and
tri-substituted aryl- and alkylaryl-thioureas gives O-ethyl N-aryl thiocarbamates and
amines.®* The acid-catalysed hydrolysis of thiourea was first order in thiourea and
acid.%

cl Ns
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The aminolysis of frans-1,2-bis(ethylsulfonyl)-1,2-dichloroethene (336) by primary
and secondary aliphatic amines in acetonitrile has been studied.>*> Thermolysis in p-
xylene solution of 4-azidothiazoles (337) displayed some interesting neighbouring-
group effects,®® e.g. in (337) with R!' =Ph, R? =(acceleration produced in
parentheses) NO, (19-fold), phenyliminomethyl (16-fold), formyl (4.5-fold), and
acetyl (2.2-fold). Rate data for nucleophilic attack on phenyldimethylsulfonium ions by
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common nucleophiles correlates with pnge and comparison with nucleophilic attack on
methyl arenesulfonates shows that different leaving-group behaviour takes place."’

The reaction of alkyl isothiocyanates, RNCS, with diphenylphosphinic hydrazide
(338) in benzene has been reported.>®® The bis(diethylamino)[(methylthio)thiocarbon-
yl]carbenium salts (339; X = I or BF,) display ambident reactivity and can react either
at carbenium carbon (hard nucleophiles) or at the thiocarbonyl sulfur atom (soft
nucleophiles).?? Electrochemically generated superoxide reacts with dithioic S,S'-
diesters (dicarbothiolates) (340; Ar = CsH3N or C¢Hy) to give the monocarboxylate
anions in 100% yield before giving the dicarboxylate anions.>!°

The addition of aromatic thiols, ArS™, to cyanamide, NCNH,, is general acid
catalysed, giving isothiourea as product.3!! A significant movement of a hydron in the
TS to the cyano nitrogen atom is indicated. The reactivity of sulfur towards thio-
carboxylate ions (341; R = Ph, Me, Bu’) has been looked at and among the species
formed are S;/S3 polysulfide ions (342) and (343).31

Catalysis by phosphate buffers of various active acyl compounds (344; X = O, S),
(345; X = 0O, S) and (346) has been examined to assess its role as a nucleophile and
general base.3!3 In water at pH 8.5 phosphate dianion functions as both nucleophile and
base towards (344; X = S); the Nu™ role accounts for about 80-93% of the reaction. In
D, 0 the process is totally nucleophilic. For (345; X = S), the Nu™ role is 40-50% of
the reaction and for (346) the phosphate dianion adopts an entirely nucleophilic role,
while the monoanion acts as a general base.

Some reactions of the 4'-thionucleoside (347) which is isoelectronic with natural
thymidine (348) have been reported together with reactions of the sulfone of (347).3'4

O
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The study of the reaction of alkali metal alkoxides in absolute EtOH with nitrophenyl
2-thiophenecarboxylates (349) shows that the reactivity depends on the size of the alkali
metal ions.>!> The ions form complexes at the TS more strongly than in the ground
state.

Seven papers reviewed earlier here deal with chemistry about P—S
bonds,?3!:2347257.261.263 j e the peroxyhydrolysis of nerve agent (284),25! the hydrolysis
of di-S-butyl phosphorothioate,”>* the formation of (290),> hydrolysis of diethyl
dithiophosphate,>® the isomerization/chlorination of O,0-dialkylthiophosphate
(291),57 the hydrolysis of the monothioate analogues of 5'-O-methyluridine 2~ and
3’-dimethylphosphates (293) and (294),%°! and the reactivity of the ribonucleotide
analogue (295).26%

Other Acids

Evidence is presented to support the presence of the endo isomer (350), which is a key
intermediate in the cyclization of the 1,5-dinitrile system present in (351; R! =
Me, R? =H; R! =H, R? =Me; R! =Ph, R? =H; R! =H, R? =Ph).}!°

The insertion reaction of GeH, into a Ge—H bond of triethylgermane (352) in the gas
phase has an activation energy of —10.6 & 1.1 kJ mol~! measured over the range 292—
557 K317 This is the first activation energy measured for a germylene reaction. The
results parallel those for Si—H insertions and the negative activation energy points to an
H-bonded intermediate complex on the reaction pathway.

Et;GeH PhCOCH;,;NO, PhCOCH(Ph)NO,
(352) (353) 354)

RCF(CF;)COF — RCF(CF;)CO,Na —> RFC=CF, + RCHECF;
(355) (356) (357) (358)

SCHEME 17

The kinetics of proton transfer in aqueous DMSO from benzoylnitromethane (353)
and 1,2-diphenyl-2-nitroethanone (354) to various bases has recently been examined.?'®

In diglyme or 2-hydroxyethanol, perfluoropropyl vinyl ether [355; R = F(CF;);0]
reacts with sodium carbonate to give (356; same R) which on heating at 113-132 °C
gives rise to (357; same R) and (358; same R) via parallel mechanisms.>"”
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Introduction

Both intermolecular and intramolecular additions of carbon radicals to alkenes and
alkynes continue to be a widely investigated method for carbon—carbon bond formation
and has been the subject of a number of review articles.!? In particular, the inter- and
intra-molecular additions of vinyl, heteroatomic and metal-centred radicals to alkynes
have been reported! and also the factors which influence the addition reactions of
carbon radicals to unsaturated carbon—carbon bonds.? The stereochemical outcome of
such additions continues to attract interest. The generation and use of alkoxy radicals in
both asymmetric cyclizations and skeletal rearrangements has been reviewed® and the
use of free radical reactions in the stereoselective synthesis of «a-amino acid derivatives
has appeared in two reports.*> The stereochemical features and synthetic potential of
the [1,2]-Wittig rearrangement has also been reviewed.® In addition, a review of some
recent applications of free radical chain reactions in organic and polymer synthesis has
appeared.” The effect of solvent upon the reactions of neutral free radicals has also
recently been reviewed.®

A study of the addition reactions of radicals to fullerenes (Cgy/C79) by EPR has
appeared and the dynamic effects in the EPR spectra of fullerenyl radicals due to
hindered rotation and the multi-addition of radicals to fullerenes are described.® Other
review articles which have appeared this year include recent advances in the radical
substitution reactions of alkyl, aryl, and vinyl halides'® and the substitution and
photochemical reactions of heterocyclic N-oxides.!! The mechanisms for the oxidation
of hydrocarbons, lipids, and low-density lipoproteins have been reviewed.'?

Rearrangements
Group Migration

The mechanisms of the (f-acyloxy)alkyl and (f-phosphatoxy)alkyl radical migrations
continue to attract attention. The mechanism of the (f-acyloxy)alkyl radical
rearrangement has been studied in a range of solvents using a number of substituted
aryl and O!-labelled derivatives (1a—c)."> A relationship between the electronic
structure of the radical, the solvent and the rate and degree of O'7 scrambling was found
indicating that the radicals (1a—c) can undergo an acyloxy shift by more than one
mechanism depending upon the solvent and their electronic structure. For example,
considerable O'7 scrambling occurred for (1a) under conditions that would favour a
polar TS (e.g. MeOH), suggesting a dissociative radical cation—anion pair mechanism
(2). Reaction of (1a) in benzene indicated the five-membered cyclic TS mechanism (3).
In contrast, related investigations into (f-acyloxy)alkyl radical rearrangements using the
substrate (4a) in various solvents provided no evidence for any dissociative mechanism,
highlighting that the mechanistic pathway chosen is highly substrate dependent.!'*
However, rearrangement of the phosphatoxy deuteriated probe (4b) in various solvents
did show a mechanistic solvent dependence. Rearrangement of (4b) in benzene was
concluded to occur via a non-dissociative pathway while a fragmentation/recombina-
tion mechanism was postulated for its reaction in Bu’OH. Crossover experiments
indicated the intermediacy of a tight ion pair.'* Both the (f-acyloxy)methyl and (f-
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phosphatoxy)methyl radical migrations have been investigated by theoretical

treatments. !>-16
Pr" P P
A A A X P
o o 0”_"0 0”0 .
Me CHZ Me /"'\: C'H2 Me7‘:CIH2
Ar Ar Ar

@ (2 3 4)
a; Ar = C¢Hs a; X = 0OC(0O)Ph
b; Ar = p-MeOCgH, b; X = OP(O)(OEt).

c; Ar= p-NCC6H4

The asymmetric rearrangement of peroxy radical (5) has recently been used as the
key step in the asymmetric synthesis of Plakorin (Scheme 1).!” The thermal
isomerization of buta-1,2- to buta-1,3-diene has been studied using ab initio
calculations and the mechanism concluded to proceed stepwise via radical
intermediates.'® The competition between cyclopropyl formation and the homoallyl—
homoallyl radical rearrangement has been studied in the radical (6) and found to give
the 3-exo cyclization product (7) and the rearranged product (8) in a 1:5 ratio,
respectively, under the conditions shown (Scheme 2).'°

p-Scission (Ring Opening)

The ring opening of a range of cyclopropylcarbinyl radicals has been investigated.?0 %2
The relative rates of opening were found to be in good agreement with experimental
data and the use of HF/6-31G* and PMP2/6-31G* methods proved adequate to
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describe the reactions.? The effect of substituents upon the ring-opening reactions was
explained in steric not electronic terms. The rate of ring opening of the tertiary
cyclopropylmethyl radical (9) has been reinvestigated using methods based upon
trapping of radical (9) with PhSH, ABNO, and TEMPO. While the first two methods
utilized H-abstraction from PhSH, and ABNO by the Bu” as a model to calculate the
rate of ring opening of (9), the last reaction with TEMPO utilized trapping of the 2,3-
dimethylbutyl radical as a more accurate model.?! Laser flash photolysis kinetic studies
on the fragmentation of the secondary ethoxycarbonyl radical (10a) shows that ring
opening proceeds faster than for the analogous alkyl radical (10b) counterpart.
However, the related tertiary ester radical (10c) fragmented slower than its alkyl
analogue (10d). These results highlighted the need to take into consideration transition
state polarity and steric effects in fragmentation reactions. Owing to the relative ease of
acrylate-derived ring opening, the authors indicated that researchers should be ‘aware of
the possibility that equilibration of an acrylate adduct via fragmentation could occur.’*?

X

'
: : Ph
Ph
9 (10)
a; R=H, X =CO,Et
b;R=H, X =Me
¢; R =Me, X = CO,Et
d; R =Me, X =Me

Ring-opening reactions of aryl substituted oxiranylcarbinyl radicals have shown that
C—C bond cleavage is reversible and in competition with C—O bond cleavage even
when no products arising from C—C bond cleavage are obtained.”> The related
cyclohexyl-derived radical (11) undergoes fragmentation at 25-30 °C at a rate of
3.2 x 10'% s7! as calculated from PhSH trapping experiments (Scheme 3).2* The figure
is in good agreement with that predicted by theoretical treatments.

p-Scission of alkoxy radicals (12) generated from nitrate esters and Bu;SnH furnish
o-amino acid radicals (13) (Scheme 4). This new method for forming o-amino acid
radicals may be useful for generating site-specific radicals in peptides.?® The reactions
of C(2) glyceryl radicals (14) have been observed by EPR. Whereas the phosphate
derived radical (14a) gave the reduced product (15a) in 70% yield, the unsubstituted
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derivative (14b) furnished a significant amount of elimination products (16). The results
indicate a new possible radical f-elimination mechanism for lipid damage of
lysolecithins via the corresponding C(2) lysolecithin radicals.?®
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Ring Expansion

Regioselective f-fragmentation of the alkoxy radical (17) furnishes the ring-expanded
iodide (18) in good yield under HgO-I,—irradiation conditions (Scheme 5).?’ Similar
transformations could not be accomplished under ionic conditions.
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The kinetics of 5-exo and 6-endo acyl radical cyclizations have been investigated
under a variety of reaction conditions.”® The presence of the 6-endo product was found
to arise either by a direct cyclization (2.0 x 10*s™!) or by a ring expansion
(4.2 x 103 s7!) from the S5-exo radical product (1.6 x 10°s~!). Consequently,
cyclization in the presence of high concentrations of fast H-donors (e.g. Bu;SnH)
furnished 5-exo products whereas reactions under high dilution conditions or with poor
H-donors gave rise to 6-endo products.
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Intramolecular Addition
Cyclization

The cyclization of alkyl radicals to give five- and six-membered rings continues to be a
rich area of chemistry. The formation of vinyl radicals from the addition of sulfur-
derived radicals to alkynes and their consequent reactions with unsaturated functional
groups have been reported by two different groups.?3° Vinyl radicals, formed from
addition of alkyl or arylthiyl radicals to alkynes, undergo cyclization on to the azide
functional group (Scheme 6).2° Caddick et al.*® reported the use of sulfonyl radicals
as triggers to mediate cyclizations. Reaction of TsBr with AIBN furnishes sulfonyl
radicals which add to alkynes to form vinyl radicals which can undergo further 5-exo
cyclization on to alkynes. The products are electron-deficient sulfonyl dienes and may
well find use in Diels—Alder reactions. Although 5-exo cyclizations are normally the
favoured mode of carbon radical cyclization, the reactive aryl radical prepared from
Bu;SnH-mediated reaction of 7-bromo-N-substituted indole derivative (19) undergoes
competitive 6-endo cyclization and reduction to give (20) and (21), respectively
(Scheme 7).3! No products from 5-exo cyclization were detected, presumably owing to
unfavourable geometric constraints. A study into the regioselectivity of cyclization of
allyl radicals has appeared.’? Cyclization of the allyl radical generated from (22)
proceeded exclusively at the y-carbon to give the bicycle (23) (Scheme 8). The
regioselectivity was rationalized on the basis of spin density calculations on the SOMO
using PM3 calculations.?

The formation of ring sizes other than five- and six-membered rings has been
reported, in particular the formation of three- and four-membered rings by 3-exo and 4-
exo radical cyclization, respectively.**3* High-yielding 3-exo cyclizations have been
reported when the cyclized radical contains a radical-stabilizing group.*? The effects of
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various gem-disubstituent groups on the rate of 4-exo cyclization of carbon radicals
have been studied.>* Optimum yields of 4-exo products were obtained with acetals as
geminal substituents with the nature of the acetal ring size proving to be crucial for the
success of the reaction (Scheme 9). Oxiranylmethyl radicals prepared by 3-exo-trig
cyclization of alkyl alkoxy radicals have been trapped by the Bu’ONO spin trap and
their EPR details reported.®

The cyclizations of radicals on to the C—N unsaturated bonds of oxime ethers and
hydrazones>® and imines®’ are possible. Addition of the Bu3Sn' to the digonal carbon of
the allene (24) forms an allyl radical (25) which undergoes 5-exo cyclization on to
nitrogen-containing multiple bonds.3® The rate constants for the irreversible 5-exo and
6-endo cyclization of alkyl radicals on to imines have been determined to be
approximately 6.0 x 10® and 6.7 x 10° s™!' at 80 °C, respectively.?” Semi-empirical
calculations (MOPAC) indicate that the cyclization rates could be dependent upon the
electron density at the iminyl carbon atom.3® Competition studies involving cyclization
of alkyl radicals on to either alkenes or benzyl oxime ethers have indicated that the rates
of 5-exo (6.8 x 107 s™!) and 6-exo (4.1 x 10° s~!) cyclization on to oxime ethers at
80 °C are greater than on to the corresponding imines and are comparable to hydrazone
cyclization rates.*®

Ab initio studies (UHF /6—31G*) have been used to investigate the 5-endo cyclization
of various substituted radicals including the 5-oxapenta-2,4-dienoyl radical. The
results show that the 5-endo cyclization is both kinetically and thermodynamically
favoured.*’

The cyclization of a range of a-heteroatom-functionalized radicals has been studied.
Both a-sulfonyl and a-sulfinyl radicals can undergo 5-exo cyclization on to alkenes.*
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The chirality of the sulfoxide led to only moderate control of stereoselectivity. a-Alkoxy
radicals also undergo cyclization in a 5-exo and 6-exo mode, again with little control of
stereoselectivity.*!

The transition-state geometries for the cyclization of a range of electrophilic radicals
have been obtained by MNDO semiempirical calculations.*? The regioselectivities
observed were rationalized using a frontier orbital approach. Semiempirical calculations
were not suited for describing the cyclization of the pent-4-en-1-oxyl radical.** Instead,
results indicated that ab initio (UHF/6-31G*) and (UBP/DZVP) were more reliable.

The kinetics and mechanism of the cyclization/ring opening of N-alkylpent-4-
enaminyl radicals (26) have been re-examined by Newcomb et al.** in the light of a
recent previous report by Maxwell and Tsanaktsidis (Scheme 11). The latter authors
claimed that the cyclization was very slow and irreversible and that the reaction was
catalysed by (Bu3Sn),0. This was in conflict with previous reports which suggested a
modestly fast and reversible cyclization. Results from the re-examined study indicated a
reversible reaction not catalysed by (BusSn),O with a forward rate of (5 £ 1) x 10* s~!
at 50 °C. The origin of the conflicting results was speculated to arise from small
amounts of disulfide or selenide impurities in the radical precursors used by Maxwell
and Tsanaktsidis which upon subjection to the reaction conditions (BuzSnH) underwent
reduction to the superior H-donor PhSH or PhSeH. The catalytic effect of (BuszSn),O
noted in the original study was suggested to arise by the sequestering of these undesired
H-donors. The effects of complexed Lewis acid (LiBF4, MgBr,, BF3;) on the rate
constants for the 5-exo and 6-exo cyclization of (27) and (28) have been determined by
laser flash photolysis.*

Ph Me Ph
Bu\ Bu\ . Me\ llI
SIS e o
-

(26) 27) (28)
SCHEME 11

Tandem Reactions

The use of tandem reactions continues to be an efficient method for the construction of
complex molecules. While tandem cyclization reactions such as the reaction of do-
deca-1,6-dien-11-yne (29) with Et;B-Ph;SnH to furnish the products (30)—(32)
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(Scheme 12)*¢ continue to be reported, the sequencing of other cascade processes such
as addition, fragmentation, and radical translocation pathways has started to become
increasingly popular. For example, reaction of (33) with Bu;SnH—AIBN via a syringe
pump leads to initial Bu3Sn' addition to the C=0 to give (34) followed by
fragmentation of the cyclopropylmethyl radical, 1,5-H-atom transfer, 5-exo cyclization
and elimination of Bus3Sn' to give (35) (Scheme 13).4
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The addition of thiyl radicals to alkenes or alkynes to initiate tandem sequences has
also been explored. A highly stereo-controlled phenyl thiyl radical addition, 10-endo
macrocyclization, termination process has been used to furnish the macrocycle (37)
from the dimethylacrylic ester (36).*® In other work the vinyl radical (38) formed from
addition of a thiyl radical to an enyne gives a mixture of the three products (39)—(41)
formed either by 6-exo cyclization (39), addition into the aromatic ring followed by
trapping with AIBN (40), or rearomatization and fragmentation to give the sulfide (41)
(Scheme 15).%
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Electrochemically generated "NO;3 has been reported to add to medium-ring alkynes
and alkynones to furnish bicyclic ketones and epoxy ketones, respectively.’® The
postulated mechanism involves the addition of ‘NOj to the alkyne followed by
transannular cyclization/elimination of ‘NOs.

Upon photolysis, the alkyl nitrate (42) undergoes 1,5-H transfer to furnish the o-
radical, which in the presence of a large excess of electron-deficient alkenes undergoes
addition followed by NO quenching to give (43) (Scheme 16).3!
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Radical Annulation

Reaction of alkylthiyl radicals with alkenyl cyclopropanes (44) furnishes intermediate
radicals (45) after addition and ring opening. Addition of a further radical acceptor
leads to tricyclic [5,5,n] systems via addition followed by cyclization and elimination
(Scheme 17).%2
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Fragmentation, Recombination, and Homolysis

The recombination of radicals has been investigated by a number of methods including
laser flash photolysis®*>* infrared spectroscopy® and theoretical means.® The rates
of self-recombination of FC(0)O'3 [(7.0 &+ 1.1) x 107! cm?® mol~! s7!] and Ph**
between 300 and 500K [(1.39 4 0.11) x 10~"3 ¢cm?® mol™' s~!] have been reported.
The kinetics of the radical-radical reaction between Cl" and MeCO' to give ketene and
HCI has been studied over the pressure range 10-200 Torr.>> The kinetics of the
reaction between the CF;0; and '‘OH have been investigated using a discharge flow
tube with resonance fluorescence detection of ‘OH.3” Both BAC-MP4 and BAC-MP2
methods have been used to investigate the mechanism in which 2-cyclopentadienyl
radicals combine to form naphthalene. Mechanistic information suggests initial
formation of dihydrofulvalene followed by loss of H and rearrangement via ring
closure/opening.’® The coupling of prochiral radicals to a number of chiral nitroxyl
radicals has been reported.’® The best results were with the conformationally restrained
nitroxyl radical (47) (Scheme 18).
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Substituent effects upon bond dissociation energies in a range of substituted
methanes® and benzyl bromides and #-butylbenzenes®® have been studied using density
functional methods [B3LYP with 6-31G(d,p) basis set] and photoacoustic calorimetry,
respectively. The theoretical results were in close agreement with published
experimental data and similar to that arrived at by more elaborate ab initio techniques.
The investigation of the dissociation energies of benzyl bromides in both solution and
the gas phase concluded that there were no detectable substituent effects in either phase.
These conclusions were in contrast to earlier reports. The activation energies for the
generation of radicals by reactions between alkanes and alkenes has been examined and
the role of these reactions in hydrocarbon cracking and olefin polymerisation and
oxidation has been examined.®' The homolytic cleavage of a range of new radical
initiators have been examined including peroxides®>® and azo compounds.®* The
initiator azobis(2,4-dimethyl-4-methoxyvaleronitrile) (48), used to mediate carbon
radical additions to alkenes at room temperature, was found to be superior to other
initiators such as AIBN, BPO, or Et;B.%

The observed greater thermal stability of SNAP (49) over SNAC (50) has been
investigated by ab initio calculations and DSC and TGA measurements.%® Results
indicate a two-step procedure for decomposition with the enhanced thermal stability of
SNAP (49) directly related to the steric interaction in the dimerisation reaction leading
to disulfide formation. The methyl groups were found to have no substantial effect on
the N—S bond strength.%> Ab initio calculations have also been used to study the
mechanism of decomposition of AcONQO,. Results indicated that the most thermo-



3 Radical Reactions: Part 1 111

dynamically stable process involved initial cleavage of the O—NO, bond with
simultaneous decarboxylation to give Me™ and "NO,.°® Density functional calculations
have been used to study the deuterium isotope effect of the decomposition of
dimethylnitramine (a model for nitramine explosives).®” The thermolysis of
alkoxyamine (51) has been studied (>150 °C). Two disproportionation pathways were
detected: (a) back to styrene and diethylhydroxylamine, and (b) back to ethylbenzene
and nitrone (52).%®
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The rates of decomposition of alkoxy and p-hydroxyalkoxy radicals (key
intermediates in the degradation of alkanes and alkenes in the atmosphere) have been
investigated.®” A mechanism involving 2- and 3-hexyl radical intermediates has been
proposed to account for the decomposition of the 1-hexyl radical to give various C(2)—
C(5) n-alkenes.”® The unimolecular decomposition of Ph' has been studied by ab initio
molecular orbital and statistical-theory calculations.”!”> Four possible mechanisms for
the decomposition of the benzyl radical have been postulated on the basis of theoretical
and shock-tube studies.”> Results were consistent with a direct ring-opening pathway
via a 6-methylenebicyclo[3.1.0]hex-3-en-2-yl intermediate (53). Imidoyl radicals
substituted with the triphenyl methyl group (54) undergo novel homolytic o-
fragmentation to release the stable triphenylmethyl radical and furnish isonitriles.”*
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The oxidation of thiols of biological importance by oxidizing radicals has been
studied.” The resulting thiyl radicals were found to decompose rapidly to give C-
radicals in the absence of oxygen but to form RSOO" in the presence of oxygen.”> The
electrocyclic ring opening of a-fluorobicyclopropyl radicals to give allyl radicals has
been evaluated both experimentally and theoretically.”® The reaction of dimethyldi-
oxirane and cumene has been studied between 22—52 °C by chemiluminescence and
kinetic UV spectroscopy. The process was found to be inhibited by O,.”7 The rate
coefficients for the addition of benzyl radicals to O3 (2.8 x 10'> cm® mol™' s~! and
NOs (1.93 x 10'2 em® mol™! s~!) have been measured in a discharge-flow reactor. The
main products from both the reactions were benzene and benzaldehyde, suggesting the
intermediacy of the benzyloxy radical.”®
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Atom Abstraction Reactions
Hydrogen Abstraction by Carbon-centred Radicals

The selective oxidation of C—H bonds in alkanes under mild conditions continues to
attract interest from researchers. A new procedure based upon mild generation of
perfluoroalkyl radicals from their corresponding anhydrides with either H,O,, m-
CPBA, AIBN, or PbEt, has been described. Oxidation of ethane under the reported
conditions furnishes propionic acid and other fluorinated products.”” While some
previously reported methods have involved metal-mediated functionalization of alkanes
using trifluoroacetic acid/anhydride as solvent, these latter results indicate that the
solvent itself without metal catalysis can react as an oxidant. As a consequence, results
of these metal-mediated reactions should be treated with caution. The absolute rate
constants for H-abstraction from BuzSnH by perfluorinated n-alkyl radicals have been
measured and the trends were found to be qualitatively similar to that of their addition
reactions to alkenes.’ o,q-Difluorinated radicals were found to have enhanced
reactivities and this was explained as being due to their pyramidal nature while
multifluorinated radicals were more reactive still, owing to their electrophilic nature.®°

A number of theoretical studies into H-abstraction reactions have been pub-
lished.®! %7 Both ab initio and density functional theory have been used to investigate
the reactions of the trichloromethyl radical with a number of alkanes®? and the reaction
of the methyl radical with halogenated alkanes,®® while ab initio methods alone have
been used to study the H-abstraction from HCN by the formyl radical®* and from H,O
by the methyl radical.®> Transition-state energies for H-abstractions have been predicted
using density functional theory (with functionals BLYP, BP86, B3LYP, B3P86), with
the last two hybrid functionals giving the most accurate results.®® The relative merits of
the Roberts and Steel empirical algorithm and the Zavitsas semiempirical method for
determining activation energies of H-abstractions have continued to attract controversy.
The Roberts and Steel empirical algorithm has been compared with the Zavitsas
approach and also with ab initio and experimental data. Conclusions indicated that the
empirical and semiempirical methods had ‘a role to play in understanding the factors
that influence the rates of radical reactions,’®” although, owing to the failure of the
Zavitsas procedure to model the activation energy for the reaction between H3Si" and
H4Si, doubts concerning the generality of the latter procedure were raised. The rates of
reaction of ethyl radicals with HBr have been reported at low pressures using VLPR 38
The use of 3-methylcyclohexa-1,4-diene-3-carboxylic acid derivatives (55) as
precursors for C-radicals has been explored and the reaction characterized by EPR.%’
The rate constant for H' abstraction from (55) by hexenyl radicals was determined
(0.82 x 10° dm® mol~! s~! at 140 °C) and found to be slower than for Bus;SnH. At
high temperatures (>80 °C), loss of methyl radical from (56) was competitive with
decarboxylation (Scheme 19).

The mechanism of oxidation of alkanes with dimethyldioxirane has been examined
by measurement of the primary kinetic isotope effect for the oxidation of cyclohexane
and methylcyclohexane in solution and in the gas phase. These experiments indicated
that the major products (cyclohexanol and methylcyclohexanol) are probably formed
via an electrophilic oxygen-insertion reaction while minor by-products may arise from
radical reactions.”
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Intramolecular H-abstraction (radical translocation) has attracted a lot of attention this
year. 1,2—1,5 H-atom transfer reactions have been studied theoretically using UHF-
AMI1 methods. The predicted activation energies were compared to experimentally
measured data.’! A4b initio studies into the 1,2—1,6 translocation of the 2-methylhexyl
radical predicted that 1,5-H-transfer would be the fastest isomerization process.”> The
effects of various groups (dioxolane, acetoxy, TBS ether) on the relative ability of 1,5—
1,7 radical translocation have been examined.”

1,5-Hydrogen atom transfer from o-phenylsulphonyl radicals has been synthetically
exploited (Scheme 20). In cases where R = Me or hexyl, competing 1,6-radical
translocation was observed.”* The a-silyl radical (58), derived from tributylstannane—
AIBN mediated homolysis of the corresponding o-(bromomethyl)dimethylsilyl aryl
sulfone, undergoes an unusual 1,8-hydrogen translocation followed by f-elimination of
the sulfur group to give (59) (Scheme 21). In contrast, ff-silyl radical (60) undergoes
intramolecular attack at the sulfone (Scheme 22).%

Hydrogen Abstraction by Heteroatom-centred Radicals

The effect and role of the CI" in ozone depletion in the stratosphere have highlighted the
need for knowledge of how it reacts with atmospheric species and pollutants. As a
consequence, the H-abstraction reactions of CI" with a large variety of non-halogenated
hydrocarbons including alkanes,?® %8 alkenes,?>1% dienes,!°1192 aromatics,'® and
ketones'® as well as halogenated hydrocarbons'®1% have been investigated by a
number of different research teams. The analytical potential energy surface for the CI’
mediated hydrogen abstraction from methane has been determined using the application
of variational transition state theory and the study of kinetic isotope effects.’® The
abstraction reactions from methane, ethane and other simple alkanes have been
compared by two groups.’®®” The latter measured absolute rate constants for the H-
abstraction from alkanes between 292 and 700 K by laser photolysis/continuous wave
IR long-path absorption spectroscopy. While the reaction with methane showed a
significant curvature of the Arrhenius plot, the reaction with propane was independent
over the temperature range.’” The reaction of C1" with both ethene®® and propene!® has
been reported over a variable temperature range. For propene, observations indicated
that the major reaction pathway to form HCI is via H-abstraction with only a small
contribution to its formation via an addition/elimination mechanism.'? For the reaction
with ethene, the addition pathway was found to be dominant at room temperature while
the H-abstraction pathway dominated at elevated temperatures (>500 K).”® Both the
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atmospheric implication of H-abstraction from 2-methylbuta-1,3-diene'%? and buta-2,3-
diene!®! as well as the rate data for these reactions with the CI' have been reported.
Reactions with acetone'®! and other ketones!** have indicated that the carbonyl group
lowers the reactivity towards a-hydrogen abstraction by Cl' compared with related
alkanes. Absolute rate constants for the reactions of CI" with CHBr;, CH,Br,, and
CH;Br have been measured and found to be 2.1240.25, 2.914+0.2, and
3.21 £ 0.3 cm® molecule ™ s~! at 273 °C, respectively,'? with the activation energy
for H-abstraction decreasing with an increasing degree of bromine substitution. The
reaction between Cl" and Mel has been studied theoretically.!?” Direct measurements of
rates of H-abstraction from MeF and CF;CH,F (HFC-134a), an industrial substitute for
CFCs, by CI" and F* have been carried out experimentally using discharge flow/mass
spectroscopy.'?® Rate enthalpies and activation energies were also calculated using
ab initio methods [MP2/6-31G(d,p)] and found to be in good agreement with
experimentally measured values. The reactions between Cl" and H,S, MeSH,!*° and
MeSSMe!'? have been studied. The last reaction has been investigated at various
temperatures and was found to proceed by two reaction pathways consisting of either
H-abstraction or the formation of MeSCI and MeS’ via an intermediate MeS(Cl)SMe
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adduct. Both of these types of reaction channel (abstraction and adduct formation) have
also been experimentally determined for the reaction of F* with CH,BrCl, a potential
substitute to the fire-extinguishing reagent Halon 1301,1211."'" The reactions of F’
with CF;CF,H!"'? and Br' with MeOH'!'3 have been studied experimentally. The latter
gave a value for the heat of formation of "CH,OH as —16.6 4 1.3 kJ mol~".

Studies examining H-abstraction by various oxygen-centred radicals have been
reported. Activation energies''* and rate constants'!> for the processes of abstraction
from alkyl, vinyl, and aryl hydrocarbons have been calculated with abstraction from
aliphatic C—H bonds proceeding with the highest activation energies.

One of the most popular nitroxide-based radicals (TEMPO) has been shown to
abstract H-atoms from activated C—H bonds. However, the nitroxide itself is easily
photo-degraded. In order to examine more photochemically stable alternatives to
TEMPO in abstraction reactions, the related isoindoline nitroxide radical (61) has been
examined.!!® Abstractions from unactivated primary, secondary, and tertiary C—H
alkane bonds were all achieved.

ONO,

NO,
‘NO,
N—O° —_—
X X X

(61) SCHEME 23

The factors which effect the reactivity of nitrogen-centred aminyl radicals with OH,
NH, and SH bonds have been studied with the activation energies for each process
calculated under thermoneutral conditions.!!” The reaction of adamantane derivatives
with nitrogen dioxide and ozone has been reported to yield varying proportions of the
N- and O-functionalized products, respectively (Scheme 23). Initial H-abstraction by
the "NO; followed by trapping with NO, furnishes the observed products. Interestingly,
strongly electron-withdrawing substituents (X) were found to lead to the O-
functionalized products whereas weaker electron-withdrawing groups (X) favoured
the N-functionalized compounds.!'® The reaction between the ‘NO; and a number of
aliphatic aldehydes has also been reported. The rate coefficients were determined and
compared with those of the reaction between the same aldehydes and "OH.!'
Monodiazines have been shown to be good H-atom donors towards alkyl radicals with
rates determined to be at least 3.2 x 10® M~! s71,120

Activation energies and rate constants for the H-abstraction reaction by H' from
simple aliphatic ketones in water has been calculated by EPR FID attenuation
measurements. '?!

Halogen Abstraction

The design of an efficient chain reaction to facilitate the reduction of secondary alkyl
iodides adjacent to electron-withdrawing groups has been accomplished by reaction
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with dilauryl peroxide in cyclohexane.!?? Abstraction of the iodide by the cyclohexyl
radical produces relatively unstabilized electrophilic radicals which can abstract
hydrogen atoms from the solvent and thus establish an efficient chain process. The rates
of dechlorination of a range of chlorinated phenols by Fenton’s reagent has been found
to be effected by the position of the chlorine atom relative to the phenoxy hydroxyl
group. Hence dechlorination in the meta position was found to be faster than at the para
position, which in turn was faster than at the ortho position. With trichlorophenols
steric hindrance proved important in deciding the relative rates of dechlorination.'??

The mechanisms and rate constants for the reaction of CI" with HOCI1, MeOCl, and
C4HoOCI have been measured and shown to proceed primarily via Cl' abstraction
pathways.!?* The experimental activation energies'?® and the temperature dependence
of the rate constants'? of halogen abstraction from a variety of alkyl halides have been
reported. For simple abstractions from R—X or H—X results indicated that the
activation energies were proportional to the force constant of the C—X bond. The
reaction of H* with alkyl iodides was investigated using flash-photolysis resonance
fluorescence, with the results indicating that the major reaction pathway was I-
abstraction with a minor contribution from I-substitution and H-abstraction
reactions. 26

Halogenation

A new method for the direct homolytic iodination of alkanes has been reported by
Minisci et al.'>’ While direct free radical iodination by iodine is not feasible owing
to its large positive enthalpy, the new procedure takes advantage of the ease of
H-abstraction from alkanes by perfluoroalkyl radicals (eq. 1) and the effective iodine
abstraction by alkyl radicals from alkyl iodides (eq. 2) (Scheme 24). The regio-
selectivity of bromination by NBS of a range of methylated 3-methoxypyridazine
derivatives has been predicted based upon the stability of the free radical intermediate
by semiempirical calculations using the PM3 Hamiltonian. Excellent agreement with
experimental results indicates that this may provide a good method to predict the
bromination selectivity in novel heterocyclic analogues of the neurotransmitters GABA
and glutamate.'?® The effects of various solvents upon the concurrent chlorination of
tetrachloroethene and 1,2-dichloroethane have been studied.'?®

O C,Fol, BU'O,H, Fe(OAc)

SCHEME 24

R; + HR —> R;-H+R (1)
R + IRy —> R} + R-H )
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Addition Reactions
Addition to Alkenes/Alkynes

The addition reactions of carbon-centred radicals with alkenes and alkynes continue to
be of great importance in both synthetic organic and polymer chemistry, as do methods
for determining the rate constants of these important reactions. The use of time-resolved
frequency modulation spectroscopy in the measurement of the rate of gas-phase
reactions has been described.!>* By way of illustration of the technique, the reaction of
"CN with ethene was studied and the rate [(2.5 £ 0.2) x 1071 cm® s~!] found to be in
good agreement with other published data.'*° The importance of polar effects in the
addition of radicals to alkenes has been demonstrated by the measurement of the
relative reactivities for the addition of trichloromethyl radicals to styrene, «,p,[-
trifluorostyrene, and phenylacetylene, respectively.!>! The reactions of the 1-adamantyl
radical with a range of electron-deficient alkenes and protonated heteroaromatic bases
have been found to be much faster (10°~10°) than that of the related -butyl radical.'
This interesting effect was explained as due to the increased nucleophilic character of
the 1-adamantyl radical with respect to the #-butyl radical. Some controversial aspects of
the Gif reaction mechanism, such as why l-adamantyl radicals can be trapped by
pyridinium ions whereas 2-adamantyl radicals can not, can now be explained as due to
the observed large difference in reactivity of these two types of radicals with protonated
heteroaromatic bases. In other work the relative rates of addition of the #-butyl radical to
a variety of 2-substituted allyl chlorides have been measured with the correlation of
log k/ky vs. oy, giving a p value of 3.59.133

Benzenethiols have been reported to add to a-azidostyrene (62) to give f-sulfonylated
imines via the intermediacy of 2-sulfanyliminyl radicals (63) produced from sulfanyl
radical attack at the f-carbon of the styrene followed by nitrogen extrusion (Scheme
25).13% Allyl sulfones (64) containing electron-withdrawing C(2) substituents (X)
undergo addition to monosubstituted alkenes in good yield (Scheme 26). Both electron-
donating and -withdrawing substituents are tolerated in the alkene partner.'>> The
addition of the phenyl radical to 1,1-diphenylethylene'* and vinyl radicals to acetylene
and deuteriated acetylene'?” have both been studied by laser photolysis techniques.

Ph RSH, O, Ph SR N, Ph SR Ph SR
- : / » ; / RSH ; /
N3 N3 N HN
(62) (63)
SCHEME 25
(PhCOO) R X
2
AN P
heat
X
(64)
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A number of studies on the addition of fluorinated radicals to unsaturated carbon—
carbon bonds as well as conventional radical addition to fluorinated radical acceptors
have appeared.!*® For example, the relative rates of addition of the CF; to 14 para-
substituted phenylacetylenes have been studied in cyclohexane at 55 °C. The study
concluded that a spin effect was operating in the transition state for the reaction.'3® The
regioselectivity of addition of Me" and CFj radicals to alkenes has been rationalized
using local reactivity indices obtained from density functional theory.!3° The reaction of
difluorinated ethers with amino acid-derived radicals has been reported to give novel
gem-difluoromethylene-linked analogues of serine-derived glycopeptides.'’ In addition
the rate coefficients for the reaction of "NOj; with 3-fluoropropene have been measured
using laser-induced fluorescence. The results were used to estimate the half-life of 3-
fluoropropene in the troposphere at typical night and day concentrations of ‘NO3 and
"OH.'""! The major products in the halogen-initiated oxidation of trichloroethylene have
been determined (CHXCICOCI, CHCIO, and CCl,0) and the rate coefficients for the
reaction determined.'#?

The design and use of new initiators to mediate addition reactions has attracted some
attention with new peroxide®®% and azo-derived® initiators being described. The
additions of 2-cyanoisopropyl radicals (derived from homolysis of the common radical
initiator AIBN) to a range of alkynes have been examined.'** The reactions were
regioselective with alkynes bearing electron-withdrawing substituents but failed with
hindered or alkylacetylenes. The same radical addition to Cg has been studied by EPR.
Two different types of adduct radicals were proposed.'#*

The addition of silanes across alkenes has been investigated both experimentally
and theoretically.!#® The effect of optically active thiol catalysts to catalyse radical
hydrosilylation (polarity reversal catalysis) has been studied. The use of 2,3,4,6-tetra-O-
acetyl-thio-f-D-glucopyranose as the chiral thiol (used to reduce the intermediate
carbon-based radicals) furnished the hydrosilylated alkenes in low to moderate
enantiomeric excesses.'* In addition to this work a theoretical study on the reactions
of SiH; with ethene and propene has been undertaken using PMP2(6-31G*) and
QCISD(T)(6-31G**) methods. Results indicated that the alkene-addition pathway is
favoured over the alternative possible mode of reaction (H-abstraction). This is contrary
to that previously suggested for the reaction of SiH3 with propene.'46

Other research in the area of addition reactions onto unsaturated carbon—carbon
bonds has included measurement of the rate coefficients for the addition of "NO; to
chloro- and trichloro-ethene,'¥’ relative rate measurement for ‘NO; addition to
isoprene, ¥ TF-uSR-measured muonium addition to vinyl aromatics'? and EPR studied
addition of radical (65) to alkenes.'*” In this latter study a linear dependence of the rate
constant of addition with the donor/acceptor properties of the alkene partner was
highlighted.

145
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Addition to Oxygen-containing Multiple Bonds

Ab initio studies (UHF/6-31G*) have been used to investigate the 5-endo cyclization of
various substituted radicals including the 5-oxapenta-2,4-dienoyl radical (66).3° The
results show that the 5-endo cyclization of (66) is both kinetically and thermo-
dynamically favoured. Three major features of the reaction were recognized: (1) the
geometry of the lowest energy conformer has the radical set favourably for cyclization;
(2) owing to delocalization the reaction is best considered as a carbonyl oxygen radical
(67) addition to a ketene, not an acyl radical (66) cyclization on to a carbonyl group;
and (3) the cyclized carbon radical helps to stabilize the transition state as it acts like a
delocalized cyclopentadienyl radical (68).

e SR R
o} o \ o \ 0
O (0]
(66) (67) (68)
SCHEME 27

Addition to Nitrogen-containing Multiple Bonds

The rate constants for the 5-exo and 6-exo cyclization of alkyl radicals on to imines’’

and oxime ethers*® have been reported, as have the cyclizations of alkyl radicals on to
azides* and hydrazones.*®

Addition to Thiocarbonyl Bonds

The unexpected formation of the methoxy ether (69b) in the reaction of lanosterol 5-
methyl dithiocarbonate (69a) with Bu;SnH has been reported.'>! Studies using Bu3SnD
indicated that a hydrogen within the methoxy group originated from the organostannane
reagent. A possible mechanism (Scheme 28) was postulated to explain these
observations. 3!

Photolysis of PTOC imidate esters generated amidyl radicals which can undergo
intramolecular homolytic substitution reactions (Scheme 29).'3? The ratio of exo to
endo products observed for the reaction of each of the thiocarbonylimidazolide
diastereomers (70) and (71) with Bu3;SnH was found to be different indicating that the
intermediate radical (72) produced in each case was generated and reacted in a different
conformation, respectively (Scheme 30).!%3

Homolytic Substitution
Aromatic Substitution

The effects of different substituents (R) (both steric and electronic) on the 1,5-ipso
substitution reactions of radicals of the type (73) to give (74) and finally biaryls (75)
after loss of SO, have been examined (Scheme 31)."°*!5 The results indicated that the
introduction of either an electron-donating or -releasing group in the ortho position
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facilitated the reaction. This approach to furnishing ortho-functionalised biaryl systems
complements other alternative metal-mediated coupling approaches. In addition to the
substituent effects mentioned above, the nature and length of the tethers upon the
success or otherwise of the reactions was investigated.'>® For benzylic sulfonates and
sulfonamides the [1,7]-addition pathway was favoured instead of the [1,6]-ipso
substitution pathway. The formation of nitrothiazoles by reaction of 2-nitropropane
anions and 2-methyl-4-chloromethyl-5-nitrothiazole has been determined to proceed
via the Sgn1 mechanism!*® as has the photo-stimulated reactions of iodobenzene and
iodonaphthalene with the anions of N-acetylthiomorpholine.!”” In competition
experiments it was discovered that the acetophenone enolate was 1.4 times more
reactive than N-acetylthiomorpholine in the above reaction.

The rate of fluorine displacement from fluorotoluenes by H-atoms has been measured
in single-pulse shock tubes at 988—114 K.'>® The addition of "CF3 to C¢F5sCl has been
studied.'”® The intermediate adduct radical (CF;C¢F5Cl)" was shown to react with an
additional 'CF; to give CF;Cl and C¢F5CF;. A range of fluorinated biphenyls can be
produced by the reaction of pentafluorobenzene radicals with both electron-rich and
-poor aromatics. The isomeric ratios of biphenyls produced indicated an efficient
homolytic chain process.'®

Sy 2 and Related Reactions

Acyl radicals derived from phenylselenyl esters (76) can undergo Sy2 reactions onto
sulfides to form 7y-thiolactones (Scheme 32). The rate of reaction was found to be
approximately 7.5 x 10®s™! at 25°C which is reasonably fast with respect to
decarboxylation.'®! Acyl radicals can be generated from thiol esters under non-reducing
conditions by reaction with I, and diazonium salts. The generated aromatic radicals
undergo intramolecular homolytic substitution at sulfur with liberation of an acyl
radical. After cyclization the intermediate alkyl radical undergoes trapping with iodine
followed by elimination of HI.'®? The reaction of bicyclo[1.1.1]pent-1-yl radicals (77),
generated from addition of alkyl radicals to the strained hydrocarbon [1.1.1]propellane,
add to tricoordinate phosphonites in a free radical Arbuzov reaction (Scheme 33). The
3-substituted bicyclo[1.1.1]pent-1-yl radicals (77) were found to have a greater
propensity to undergo reactions than primary alkyl radicals and were closer in reactivity
to phenyl radicals.'®?
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The mechanism of reduction of unsymmetrical alkyl sulfides with atomic hydrogen
has been probed and is consistent with an Sy2 mechanism or a 9-S-3 fragmentation.'%4
The kinetics of the reaction of F* with MeONO, has been determined in low-pressure
flow systems. Results indicate that the initial step may be F atom addition to the N atom
rather than H-abstraction and that the reaction itself leads to a clean source of MeO".!%4

Reactivity Effects
Polarity and Philicity

The rates of bromine atom abstraction by tris(trimethylsilyl)silyl radicals from a range
of para-substituted benzyl bromides has indicated that the silyl radical is nucleophilic.
In addition both the polar and spin-delocalization effects of the substituents play a role
in the abstraction reaction with the latter effect greater than for H-atom abstractions.'®®
The perfluoroalkylation of aromatics and alkenes has been investigated using C4Fol as
the source of "C4Fy. Measurement of rate constants indicated that perfluoroalkyl
radicals were 2-3 orders of magnitude more reactive than the corresponding alkyl
radicals. This was attributed primarily to the reaction enthalpy and far less to the
electrophilic nature of the radicals.!¢’

Stability of Radicals

EPR experiments on carbon-centred radicals with either o- or f-boronic ester
substituents have been reported.'® While the o-substituted radicals were modestly
thermodynamically stable, the f-substituted radicals underwent easy ff-elimination. An
EPR experiment on the photo-oxidation of phenolic compounds containing at least one
free ortho position has indicated the formation of persistent secondary radicals derived
from dimerization or polymerization from C-O coupling.!® The structure of the
succinimidyl radical has been re-examined using density functional theory with a
variety of basis sets. The electronic ground state was found to be of g-symmetry
allowing for facile f-scission. These conclusions were also predicted using MP2 but
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complete active space (CAS) calculations predicted the IT-N state to be of lowest
energy.!””

Stereoselectivity in Radical Reactions
Stereoselectivity in Cyclization

The use of Lewis acids in controlling the stereoselective outcome of radical cyclization
reactions has been explored, in particular the effect of aluminium-based Lewis acids
using low temperature Et;B/BusSnH-initiated procedures.'”"!7? For example, cycliza-
tion of propargyl ether (78) or allyl ether (79) in the presence of Lewis acid (80) can
completely reverse the normal selectivity (Scheme 34).!7! The effect of aluminium
Lewis acids on the diastereoselectivity of 6-exo cyclization of unsaturated chiral
menthol esters has been studied.!”?> Cyclization at low temperature in the presence of
the Lewis acid MAD modified the de of the reaction from 31 to 98%.
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The diastereoselectivity in 5-exo cyclization of a range of chiral acyl radical
equivalents derived from 1,3-dioxolanes and dioxanes has been investigated. Results
indicate that selectivity was poor for radicals which cyclised via a twist-boat
conformation but high when 1,3-dioan-2-yl radicals containing an imposed chair-like
conformation were used.'”> The 5-exo cyclizations of o-phenylsulfenyl radicals,
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generated from chloro sulfides, on to ester-functionalized alkenes have been reported to
give rise to cis isomers as the major products (Scheme 36). With alkyl-substituted
alkenes the trans isomers were predominantly formed.!”* In addition, a-sulfonyl and
sulfinyl radicals also undergo 5-exo radical cyclizations mediated by BuzSnH. The
chirality of the sulfoxide was found to have only moderate control of the
stereoselectivity of the cyclization.*® Cyclization of the thio ether (81) furnishes the
all-cis isomer (83) in 70% yield. The transition state (82) was postulated to explain the
observed stereochemistry (Scheme 37).'7

Stereoselectivity in Addition to Alkenes

Quantum mechanical calculations have shown that both nucleophilic and electrophilic
alkyl radicals undergo addition to alkenes at tetrahedral trajectories. The effects of this
mode of attack on asymmetric induction and reaction stereochemistry in addition
reactions has been discussed.!’® The use of chiral Lewis acids to mediate asymmetric
radical additions to alkenes has been extensively investigated. Enantioselective
alkylation of chiral Lewis acid-complexed o-oxazolidinone radicals has been reported
to give products in up to 34% ee.!”” Various Lewis acids prepared from AlMe; and
chiral diols/diamides were screened. A model to explain the observed selectivity was
postulated.!”” By far the most popular ligands for chiral Lewis acids seem to be the
bisoxazolines.!”’ 13 A number of such Mgl, complexes have been investigated in the
radical alkylation of oxazolidinones (85).!”® The best ee values were for the cyclopropyl
analogue (84) with 97% at —78 °C. However, the use of 30 mol% of Lil as catalyst also
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proceeded with a high ee of 94%, thus allowing efficient asymmetric additions at
ambient temperature.!’”® The stereoselectivity of allyl-transfer reactions from allyl-
silanes and allylstannanes in the presence of chiral bisoxazoline ligands (86) has been
investigated by Porter and co-workers.!”-!80 The configuration of the products were
found to be dependent upon the nature of the Lewis acid, with Mgl, and Zn(OTf),
giving opposite enantiomers. More interesting was the discovery that allylsilanes
furnished better ees than with the corresponding allylstannanes. In fact, the addition of
excess Me;SnBr caused the ee of the reactions to fall linearly indicating that allyl
silanes are the allyl-transfer agents of choice.!” Good to average levels of
stereoselectivity have been observed in the zinc Lewis acid-promoted allyl-transfer
reactions of radical (87) with ligands (86). Correlation of the selectivity against the Taft
steric parameters for the alkyl group (R) was observed.'8

A potential method for the preparation of novel amino acids via the highly selective
addition of radicals to the glyoxylic oxime derivative of Oppolzer’s camphor sultam
(88) has been reported.'®! Both Lewis acid and non-Lewis acid-mediated reaction
conditions for the addition of alkyl radicals generated from alkyl iodides and
Et;B/BusSnH were examined. A new chiral auxiliary based upon (R,R)-2,5-
diphenylpyrrolidine has been used in the addition of phenylthiyl radicals to unsaturated
methacrylamides. The selectivity was found to be better than that reported for the
structurally related 2,5-dimethylpyrrolidine derivative.'®?

R R
(84) (85) (86)
Ph
H:
o I 0
O o
S A~ ot O
0 N - Ph N} 0
\__/ P— Z T~
Ph
(87) (88) (89)

An investigation into the stereoselectivity of addition of radicals to cinnamyl-4-
phenyloxazolidine-2-ones has shown that the regioselectivity of the process was
dependent upon at least three factors, including the stability of the adduct radical,
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electrophilicity of the adding radicals, and the method of their generation.!®® For
example, while addition of electrophilic "CCl; to (89) at 80 °C gave only products
arising from a-attack, addition of the nucleophilic ‘Pr' gave a 2.3 : 1 ratio at 80 °C and
1:3 at 20 °C.

Stereoselectivity of Atom Transfer

A quantitative study of the relative reactivities of piperazine-2,5-dienes (90) towards N-
bromosuccinimide reactions was determined by competition studies and indicated that
the glycyl centres of piperazine-2,5-dienes are more reactive than a-substituted amino-
acid centres.'®* Radical deuteriation of the syn- and anti-a-selenyl-f-silyl sulfoxides
(91) lead to the syn,syn isomer products irrespective of the stereochemistry of the
sulfinyl precursor (Scheme 38). In addition, the steric nature of the silyl group had little
effect on the de. The stereochemistry was rationalized using the Felkin—Ahn model.'83
The stereochemistry of reduction of alkynes using unimolecular chain-transfer reactions
(UMCT) has been reported with complementary alkene geometries being obtained from
reduction of vinyl radicals generated by a 5-exo cyclization of an alkyl radical onto an
alkyne. The use of UMCT (92) gives the E-isomer exclusively whereas (93) gives the Z-
isomer with reduction occurring away from the bulky silicon group (Scheme 39).'%¢

Redox Reactions

Manganese-promoted cyclizations have been reported by two groups. 4-Exo radical
cyclization of variously substituted enamides to f-lactams has been promoted by
Mn"(OAc); (Scheme 40).!87 The acetoacetyl-derived cyclization precursors (R = Me)
reacted much faster than the f-keto ester analogues (R = OMe). The formation of (94)
from the reaction is primarily due to oxidation of the intermediate radical to the
corresponding cation.'®” Reaction of 2-halophenyl ethers and amines with BusMnLi or
Bu;MnMgBr furnishes benzofuran or indoline derivatives, respectively. A mechanism
involving intermediate aryl radical cyclization trapping by manganese followed by
dehydromanganation was postulated.'®® Recent studies on the tetrahydrofulvalene-
mediated radical polar cross-over reactions of benzenediazonium salts have discounted
the alternative totally ionic mechanism.'®® Ipso radical cyclization of N-benzyl-
substituted trichloroacetamides with Ni-~AcOH occurs to give spirolactams. The yield
of the reactions was found to increase with increasing steric bulk at the nitrogen
(Scheme 41).1%

The synthesis of mixed peroxides formed from #-butyl hydroperoxide and carbon-
centred radicals has been studied. The reactions were strongly effected by solvents as
well as catalytic amounts of Cu'"/Fe'!. The kinetic data suggest that the conditions for
the Ingold-Fischer ‘persistent radical effect’ are fulfilled in these cases.!”! The use of
Cu'/Cu"" redox couples in mediating ‘living’ radical polymerization continues to be of
interest. The kinetics of atom-transfer radical polymerization (ATRP) of styrene with
CuBr and bipyridine have been investigated. The polymer reactions were found to be
first order with respect to monomer, initiator and CuBr concentration, with the optimum
CuBr:Bipy ratio found to be 2:1.'2 In related work using CuBr—N-pentyl-2-
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pyridylmethanimine ligands, the rate of ATRP of methyl methacrylate was found to be
enhanced by the addition of substituted phenols, traditionally used as radical inhibitors.
This provided evidence that the propagation of the polymerization reaction did not take
place via a carbon-centred free radical casting doubt as to the true mechanism of
ATRP. 193

Photo-induced H-abstraction of anthraquinone from xanthene has been studied using
nuclear polarization-detected EPR and the structure of the resulting short-lived radical
pair determined.'® The ‘retrodisproportionation’ reactions of a variety of styrenes with
9,10-dihydroanthracene (DHA), xanthene (XAN), and 9,10-dihydroacridine (DHAc)
have been studied in order to determine if there was any evidence of the alternative
hydride-transfer mechanism in competition with the proposed H-atom-transfer
mechanism. No such evidence was found.'”> The reaction between azulene and DHAC
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has also been studied and gives two isomeric octahydroazulenes as well as naphthalene
and tetralin as products. Kinetic studies, isotopic labelling, and semiempirical
calculations all indicate a mechanism initiated by an H atom transfer step.!’® The
uncatalysed thermal hydrogen-transfer reactions above have recently been reviewed.'®’

Radical Ions
Anion Radicals

The radical anion (95), generated from photo-induced electron transfer of halogenated
benzocycloalkanes, furnishes ring-expanded products (96) in addition to reduced
species and dimers.!”®
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Cation Radicals

The unexpected formation of the blue crystalline radical cation (97) from the reaction of
triazinium salt (98) with tetracyanoethylene has been reported and the product
identified by its EPR spectrum and by X-ray crystallography (Scheme 42).!%
Carboxylic acids react with the photochemically produced excited state of N-t-o-
phenynitrone (PBN) to furnish acyloxy spin adducts RCOOPBN. The reaction was
assumed to proceed via ET oxidation of PBN to give the PBN radical cation followed
by reaction with RCO,H.2° The mechanism of the protodiazoniation of 4-
nitrobenzenediazonium fluoroborate to nitrobenzene in DMF has been studied.?"!
Trapping experiments were consistent with kinetic isotope effects calculated for the
DMF radical cation. The effect of the coupling of radicals with different sulfur radical
cations in diazadithiafulvalenes has been investigated.?0?

SCHEME 42

Peroxides, Peroxyl, and Hydroxyl Radicals

Peroxides

The reactions and decomposition of peroxides has been studied by a range of
techniques including time-resolved Raman spectroscopy,?> CIDNP,2** and theoretical
methods.?® The kinetics of pyrolysis of dimethyl, diethyl and di-z-butyl peroxides have
been measured. The free energies of activation for the three diacyl peroxides were
found to increase in the order listed above.?’ The thermolysis of acetyl propionyl
peroxide and the lifetimes of the intermediate radicals have been studied using
CIDNP.2% A range of theoretical methods have been compared to ascertain which
calculations are in best agreement with bond dissociative energies of a range of
peroxides.??> The decomposition of #-butyl hydroperoxide in the presence of Co!l
2-ethylhexanoate has been studied.?”’ Evidence was presented to indicate the
intermediacy of a bridged dicobalt species in the catalytic cycle. This postulated
mechanism differs substantially from the accepted Haber and Weiss cycle as no alkoxy
radical is generated. The use of 1,1,3,3-tetramethylbutylperoxy pivalate (99) has been
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examined as an initiator in the polymerization of methyl methacrylate and styrene in the
presence of the radical scavenger 1,1,3,3-tetramethyl-2,3-dihydro-1H-isoindol-
2-yloxyl.®? After initial homolysis of the initiator the main reactions of the resulting
t-ocyloxy radicals (100) are unimolecular 1,5-H transfer to (101) and fragmentation to
(102). These latter alkyl radicals undergo addition to monomers far faster than the

parent radical (100).%63
(0]
Me Me Me Me
Me% /O\{/\</Me 'OW/Me
(0]
Me
Me Me Me Me Me
99) (100)
Me Me . Me .
HOW/CHz Me\1/CH2
Me Me Me
(101) (102)

Peroxyl Radicals

The regiospecificity of peroxyl radical addition to (E)-retinoic acid has been studied in
micelles. The major product was found to be the 5,6-epoxyretinoic acid suggesting
initial addition at C(5) or C(6) yielding an endocyclic tertiary allylic or tertiary carbon
centred radical, respectively. Elimination of an alkoxy radical then furnishes the
observed epoxide. Computational studies were also carried out to gain insights into the
mechanism of the process.?®® Theoretical calculations have also been carried out to
determine the possible mechanism for oxidation of the methoxy radical to
formaldehyde. Results indicated that oxidation is likely to occur via the intermediate
MeOj rather than by a straightforward H-abstraction reaction.’”” The reactions of the
triphenylmethyl radical,”!® n-pentyl radical’!' and the acetyl radical>'?> with O, have
been investigated. The latter reaction was studied at 298 K as a function of pressure
using FTIR spectroscopy. The reaction of the triphenylmethyl radical with O, was
found to proceed with a negative activation energy (—4.1 kcal mol™'). The rate
constants for the addition of CF;0; to O(3P)*'3 and p-phenylenediamine®!' have been
reported to be (6.3 & 1) x 107! cm® molecule ™ s7' 213 and 2 x 10* I mol™! 5! 214
respectively.

The self-recombination reactions of HO,, CF;CFHO’, and CF3;0; have been studied
using pulse radiolysis/time-resolved UV absorption spectroscopy.?!> The addition of
the cumylperoxy radical to a range of alkyl-substituted biphenyls has been studied and
the rate constants compared with reactions with related monosubstituted benzenes.?!®

The reaction of 2,2,6,6-tetramethylpiperidyl radical with O, has been studied using
EPR at low temperature. Evidence indicates a possible reversible reaction with initial
formation of the piperidylperoxyl radical followed by conversion to the aminoxyl
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radical.>!7 Kinetic studies on the oxidation of dimethyl ether (a possible alternative to

diesel fuel) have been reported.?'?

Hydroxyl Radical

219-221 222

The role and behaviour of organic nitrates and acetates™ in the troposphere have
been studied by a number of groups. Relative rate coefficients for the reactions of
methyl and ethyl nitrate with ‘OH have been determined and compared with other
literature data.?'® The reactions of a variety of alkyl nitrates have been studied using
pulsed laser photolysis®’! and discharge-flow/resonance fluorescence.??’ The latter
work studied the reaction over the pressure range 1-20 Torr and temperature range
300400K and concluded that the rate constants were invariant with pressure but
did increase with increasing temperature, suggesting an abstraction process. The
temperature dependence of the reaction between "OH and alkyl acetates (used as
solvents, perfumes, and flavourings) has been studied over the temperature range 253—
372K .22

There has been a lot of interest into the reactions of "OH with fluorinated and
chlorinated organic molecules. The atmospheric chemistry of hydrofluoroethers
(HFEs), possible replacements to CFCs in numerous applications, has been
evaluated.”?®* The reaction of C4FgOMe (HFE-7100) with “OH and the fate of the
intermediate radicals C4F9OCH;, C4F9OCH,0);, and C4F9OCH,0O" have been studied
and an atmospheric lifetime of 5 years was determined for HFE-7100. Reactions of ‘OH
with MeCF,Cl1,%?* fluorinated alkenes,??> and CH,Cl,2%% have been reported. The last
report allowed for a reanalysis of reaction values for the reaction of “OH with various
CFCs.??° The reaction-pathway dynamics of hydrogen abstraction from ethane and
haloethanes by ‘OH have been determined using vibrational TS theory augmented with
multidimensional semiclassical tunnelling approximations.??’

The rates of reaction of *OH with methane, deuteriated methanes,*?® cyclohexane,?
and 1-bromopropane?*® have been measured and the atmospheric implication of the
results discussed. The latter study assessed the global warming potential of the
industrial solvent 1-bromopropane at 20, 100 and 500 years.

The reaction of a series of dimethylbenzaldehydes and trimethylphenols
(constituents of wood smoke and tobacco smoke, respectively) with "OH have been
studied as well as with other aromatic molecules such as indene, fluorene, and 9,10-
dihydroanthracene,*? and atmospheric implications determined.?3!

The rate constants for the reactions between ‘“OH and a range of ethers and hydroxy
ethers have been reported at 298 K33 as well as those for reactions between dimethyl
ether and methyl #-butyl ether over the range 295-750 K.?3* Data from the former study
show deviations from simple structure—activity relationships which were postulated to
arise due to H-bonding in the reaction transition states.?** The atmospheric lifetime of
methyl ethyl ether has been determined to be approximately 2 days.?*> Theoretical
studies on the H-abstraction from propan-2-ol (a model for deoxyribose) by ‘OH
have been reported using ab initio methods (MP2/6-31G*).2*¢ The temperature
dependence (233-272K) of the rate coefficients for the reaction of ‘OH with methyl,
ethyl, n-propyl, n-butyl, and #-butyl formate has been measured and structure—activity

9
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relationships discussed. Results indicated tropospheric lifetimes of 66.9, 13.6, 6.4, 3.3,
and 15.5 days, respectively.??’

Volatile siloxanes have shown promise as environmentally friendly alternatives to
volatile organic solvents and lubricants. As a consequence, the rate constants for the
reactions of a number of siloxanes with “OH have been determined.?*® A number of
unusual cyclic siloxane products were observed in the reactions with hexamethyldi-
siloxane, octamethyltrisiloxane, and decamethyltetrasiloxane.

Carbon monoxide has been used to scavenge "OH formed from the ozonolysis of
alkenes. The CO, thus generated was detected by FTIR spectroscopy and the ‘OH
yields for individual reactions were calculated.?* The significance of the ‘OH-induced
intramolecular transformation of glutathione thiyl radicals to a-aminoalkyl radicals has
been discussed with respect to its biological implications.?*® The kinetics and
mechanism of the process indicated that it could be a significant pathway for the self-
removal of glutathione thiyl radicals in vivo.
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