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. Introduction

Nonaromatic aminium radicals, RzN*-, are well-established
transient intermediates. Unlike their long-lived aromatic coun-
terparts, nonaromatic aminium radicals are difficult to observe
by spectroscopic methods. With modern techniques, however,
their existence has been demonstrated and their properties
measured.

Nonaromatic aminium radicals seem to have first appeared
in a reaction mechanism proposed in 18950 by Wawzonek and
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Thelen for the Hofmann-Loffler preparation of N-methylgra-
natanine. Nonaromatic and related aryldialkylaminium radicals
were postulated at about the same time by Horner? to explain
the effects of a series of oxidants on tertiary amines. Thus, their
existence was inferred on purely mechanistic grounds a full
decade before NH;*-3 and (CH3)sN*-4 trapped in salt matrices
were observed by electron spin resonance spectroscopy. Since
these beginnings, the literature has grown extensively. Refer-
ences to aspects of nonaromatic aminium radicals have ap-
peared in several chemistry review articles,5-'2 but with em-
phasis placed in other directions. It is the purpose of this review
to present a balanced picture of the various facets of this
chemistry. The literature coverage is quite thorough for many
aspects of the topic, but an exhaustive compilation was not in-
tended.

ll. Generation

Aminium radicals are generated by amine oxidation and by
the reduction or disproportionation of oxidized forms of
amines.

A. Chemical Methods
1. Oxidation of Amines

Amines can be oxidized by either two- or one-electron pro-
cesses. In particular, amine oxide or hydroxylamine formation
is evidence of two-electron transfer pathways in amine oxida-
tions by hydrogen peroxide,'® peroxy acids,'® ozone, 314 and
other reagents. The mercuric acetate oxidation of a variety of
cyclic tertiary amines to enamines is believed to occur with the
concurrent two-electron reduction of mercuric ion to metallic
mercury; the latter is then oxidized by mercuric to mercurous
ion.’S Permanganate oxidation of benzylamine may occur, at
least partially, by a two-electron mechanism.'® Electron pair
transfer is also the likely explanation for tertiary amine oxidations
by cyanogen bromide,'” aqueous bromine,’® and nitrous
acid.™

One-electron oxidation steps can be inferred for various
reasons in the interactions of a number of oxidants with amines.
Far more common are reactions that have been attributed to
hydrogen atom transfer, which lead directly to a neutral radical
intermediate capable of undergoing further oxidation6.21-25 or
of coupling.27:28 This review is concerned, however, with those
instances where the evidence supports aminium radical inter-
mediates that result from the oxidation of nonaromatic
amines.

Chemical generation of aminium radicals may be divided into
two general modes. In the first of these, a one-electron reagent
(or a reagent acting in such a manner) directly removes an
electron from an amine:

RaN: + X+ — RgN*++ + X~ (1)
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The following oxidants have been shown to generate aminium
radicals from alkyl- or arylalkylamines in this fashion: alkaline
ferricyanide,26-32 iron(lll) complexed with various substituted
phenanthrolines,32 octacyanomolybdate(V),32 permanganate,®
and chlorine dioxide,32:34-41 all in water, N-bromosuccinimide
in carbon tetrachloride,*? and N-chlorobenzotriazole in ben-
zene.*?

A vinylamine was claimed to undergo iron- or copper-cata-
lyzed oxidation by molecular oxygen in benzene-methanol, via
an aminium radical.#* Several vinylidenebis(dialkylamines) in
acetonitrile formed aminium radical intermediates on oxidation
with silver ion.4> One might also include nitrogen dioxide in
carbon tetrachloride*®47 among oxidants of this class, even
though dialkylanilines happened to be the subjects of investi-
gaticln and the intermediates formed were ArN*R, rather than
RaN™-.

In the second mode, the bond between a nitrogen-centered
cation and a chlorine atom is formed heterolytically and broken
homolytically in close sequence. This is similar to other exam-
ples of aminium radical generation, to be discussed later, which
also entail bond-breaking. The question of homolytic vs. het-
erolytic bond-breaking in the oxidation of trialkylamines by
chlorine or hypochlorous acid occasioned sharp controversy.
Although the heterolytic process was favored by some,484°
Horner2:5° proposed reaction 2 based on evidence for radical
formation, namely, initiation of acrylonitrile polymerization in
aqueous solution.

RaN: + Cly = RgN*- CI= + CI - )

The pathway could easily accommodate RzNCITCI™ as an in-
termediate. Since RsN*- produced by the reaction of chlorine
dioxide with acrylonitrile does not initiate this polymerization,34
it is likely that the initiation is due to the chlorine radicals. It is
noteworthy that Deno® has reported a Hofmann-Loffler type
reaction via RsNCIt — R3N*-, etc. With an amine of favorable
structure, the homolytic reaction in aqueous solution may as-
sume considerable importance, as in the chlorinolysis of
triethylenediamine. Here N-chloronium compound 1 forms the
red cation radical 2 (Dabco) in sufficiently high concentration
for the radical to show a strong ESR spectrum.37:39.51.52 Whereas
1 is highly unstable with respect to 2*-, and probably to heter-
olysis as well, the corresponding N-chloroquinuclidinium ion (3)

Y %

|
1 2 (Dabco*") 3

is a remarkably stable species5® and shows no tendency to
decompose by either homolytic or heterolytic pathways.

Horner and Kirmse®54 studied the oxidation of trialkylamines
with dibenzoyl peroxide in chloroform. The mechanism is es-
sentiaily the same as with dialkylanilines involving formation of
the aminium radical and the benzoyl radical:54:55

R3N: + Bz,0, — R3N+-—OBZ + BzO~ (3)
ReN*-OBz —> RgN*+ + BzO - (4)

2. Reduction of Amine Oxides

Ferrous ion catalyzed dealkylation of trialkylamine oxides is
interesting since the process has been suggested to be re-
sponsible for oxidative dealkylation of amines in plant and animal
metabolic pathways.56-62 Involvement of aminium radicals as
the reactive intermediates has been supported by the observed
reaction patterns, namely, polymerization of ethyl methacry-
late,®' addition to butadiene,®2 and oxidation of cyclohexane to
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cyclohexanol,® and of cyclohexanol and benzyl alcohol to the
corresponding carbonyl compounds.®? Ferrous ion was shown
to be the reducing species responsible for initiating the aminium
radical formation,%2 but other metal ions, such as ruthenium,
osmium, and vanadium, no doubt can also serve as initiators.57
The similarity of pH effects on the direction of dealkylation by
chlorine dioxide and Fe2* has been claimed to indicate the in-
volvement of a common intermediate, namely, a trialkylaminium
radical?0-35.36.62,304 (eq 5 and 6). Mechanistically, the reaction

- H
RoNCHoR + H* == R,NCH,R (5)

OH
R;NCH,R + Fe2* —> RNCH,R + Fe(OH?*  (6)

is similar to the benzoyl and cyclic phthaloyl peroxide oxidations
reported by Horner and co-workers*7:54.64.65 gnd to the thermal
decomposition of N-chlorotrialkylammonium ions;86¢ metal-
catalyzed decomposition is, however, much more complex and
sensitive to the reaction conditions.

3. Metal-Catalyzed Decomposition of Amine
Derivatives

It had been reported in the early literature that titanous salt
catalyzed decomposition of hydroxylamine®’ in acidic conditions
may initiate addition to olefins®® and benzene®® and polymer-
ization of vinyl compounds.®7:7° The aminium radical was sug-
gested (eq 7), rather than the neutral amino radical, as the re-
active intermediate. Corey and Hertler’! have observed that
reaction of N-chlorodialkylamines in HySO4—AcOH solution
(Hofmann-Loffler reaction;57 vide infra) can be initiated by fer-
rous ions and concluded that aminium radicals are the reactive
intermediates which mediate the chlorine—d-hydrogen exchange
reaction (eq 8). Mechanistically, the initiation step is similar to
the generation of hydroxyl radical from ferrous ion catalyzed
decomposition of hydrogen peroxide (Fenton’s reaction): H,0»
+ Fe2t — HO- + Fe(OH)2*. Minisci and co-workerg®:10:75-77
have extended this reaction by applying other metal ions, such

NH5tOH + Ti®+ — NHz*- + Ti(OH)3* (7)

R,NHCI + Fe2* — RNH*- + Fe3* + CI- @)
NHg+0SO5~ + Fe2* — NHg*- + Fe?* + 80,2~ (9)

as Cut, and V3* and hydroxylamine O-sulfonic acid?%:7576 (eq
9) and studied aromatic amination, selective chlorination of alkyl
chains, and addition to olefins.”-9:1%75 Not only the initiation
steps, but also the chain propagations'® of the Hofmann-Léffler
and intermolecular chlorinations and homolytic amination re-
actions (discussed in more detail in section 1V) involve aminium
radicals. The variety of reaction conditions ranges from dilute
acid in methanol to several molar H,SQ, in acetic acid. Since
the pKj, of dimethylaminium radical has been determined to be
6.5-7.5 (see section IV.A) aminium radicals must be the reactive
species which undoubtedly exhibit electrophilic characteristics
in their radical reactions. It is remarkable that some reactions
are conducted in heterogeneous phases because of the highly
acidic media; the effects on the aminium radical reaction,
however, appear to be insignificant.

Similar to the previously discussed amine oxide decompo-
sition, the metal ion catalyzed decompositions described above
are highly sensitive to conditions, redox potential of metal ions,
and ligands. In particular, side reactions as shown in eq 10 and
11 may interfere extensively to complicate overall reaction
patterns.
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RoNH*. + M2+ + H* — R,;NH, ™ + M3+ (10)
R.+ M3t — R + M2+ (1

Corollary to the discussion of aminium radicals, metal jon
coordinated amino radicals must be mentioned since they exhibit
closely related electrophilic radical reactivity, including addition
to butadiene and simple olefins.”8-81 Early work78-87 by Minisci’s
group was conducted in neutral solution, wherein metal ion
coordinated amino radicals, R.,N-Fe(Cl)2*, were proposed as
the reactive intermediates. Since a neutral amino radical has
been shown to preferentially undergo hydrogen atom abstraction
over addition to olefins,82:2% the proposal of such a complex as
an actual intermediate appears a rational choice. Evidence for
such species can be found in the clean cis-chloroamination of
cyclohexene’®8 (vide infra).

Tetramethyltetrazene—-metal salt complexes were belived for
years to have the symmetrical bis(dialkylamino)-coordinated
structure 4, leading to the expectation that photolysis would
generate the coordinated diradical 4a. Although photolysis of

NMe
Me N\ \, 2
N/N’\V\'\eg 2 \\ N/ \\
| M, ZnCl, r|\|1 __ZnXg
/ / -
“Nivte, Me,N MegN/
4 4a 4b

the zinc chloride complex in styrene does give a low yield of the
bis(dimethylamino) adduct, bis-addition was not detected with
simple olefins,3® and the crystal structure®32 of another zinc salt
complex showed that the complex has the unsymmetrical
structure 4b.

It should be cautioned that under weakly acidic or neutral
solutions chloramines readily undergo complex decomposition
to yield chlorinating and oxidizing species, such as Cl, and RNCI,
that could complicate the reaction pattern. Such competing dark
reactions can be minimized by using inverse addition of a
chloramine solution to an olefin-metal salt solution.”®

B. Electrochemical Oxidations

The products of electrolytic oxidation of alkylamines have
received considerable study,®4 and the formation of an amine
cation radical by one-electron transfer to the electrode has been
almost universally invoked as the first step in such oxidations.
Only in a handful of special cases (see section II1.B.1) has the
initially formed cation radical been sufficiently long lived to allow
its detection, and the primary thrust of electrochemical amine
oxidatiomn studies has been either to investigate the energetics
of the redox reaction (section III.B.1) or to study how the final
product mixture depends upon conditions and amine structure.
In simple cases, oxidative dealkylation processes predominate,
because the amine radical cation (A*-) deprotonates at the -
carbon, and the a-amino radical formed (B-) is oxidized to the
immonium salt which hydrolyzes to the dealkylated amine and
a carbonyl compound (eq 12).85:86

-8~ +..  —Ht —e”
RCHz——NRz — RCHz—NRz — RCH—NRz —
A At. B-

+ H20
RCH=NR; —> RCH=0 + R_NH (12)
B+

One important structural effect involves the fact that a-depro-
tonation is far slower when the C—H protons are forced to lie
nearly perpendicular to the charge-bearing orbital in the amine
cation. Mann and co-workers®” have shown that nortropane 5
is oxidized in acetonitrile containing solid sodium hydride to give
the N-formyl compound 7 and a lesser amount of the urea 8, both
of which are argued to arise from the solvent adduct 8, formed
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CH,CN
N 2
N/

6
N
- * ﬂb
2
7
8
(13)
N/\>
‘ 2
9

by coupling of nortropyl radical and NCCH,- (eq 13). In benzo-
nitrile, the nortropyl radical dimer 9 is the major product (58%),87
although it was always a very minor product in acetonitrile. It is
clear that o-deprotonation is not an important decomposition
mode for 5%- in contrast to the case for most aminium radi-
cals.

C. Photolytic and Thermal Methods
1. N-Haloamines

Thermal or photolytic decomposition of haloamines in highly
acidic media, e.g., ~2 M H,S0, in acetic acid, was originally
established as the Hofmann-Loffler reaction5-8 and was the first
reaction in which aminium radicals were implicated as the radical
chain carriers (see section 1V.D.1).":8° Subsequent investigations
by other groups have established that aminium radicals gener-
ated in a similar way exhibit unusually high selectivity in ab-
stracting w-1 hydrogen atoms from alkyl chains®66.20 and show
a propensity toward addition to carbon—carbon multiple bonds
(see section 1V).7 Although thermolysis can start the chain re-
action, irradiation with light of >>280 nm (Pyrex filter) or use of
radical initiators (peroxides or bisazoisobutyronitrile) acceler-
ates®C and oxygen quenches the reaction.”? Since protonated
chloramines absorb negligibly at the wavelengths utilized,
controversy exists as to the real entity that initiates the homol-
ysis.®? Dark reaction products, such as Cl, and RNCl,, have been
suggested to be the initiator(s)®°-°2 in chloramine photode-
composition. Photolysis or other initiation accelerates the am-
inium radical chain reaction so rapidly that the competing dark
reactions are minimized to give cleaner and higher yields of the
desired reaction.

Inasmuch as the occurrence of aminium radicals seems
reasonable in the radical-initiated and photolytic decomposition
of chloramines, caution must be exercised in thermolyses since
heterolysis of chloramines in highly acid media®® may give ni-
trenium ions (eq 14a, singlet or triplet) which may serve as the
reactive intermediates.®* Indeed, an aluminum chloride catalyzed
reaction (Friedel-Crafts conditions)®5 would not allow a ready
distinction between involvement of an aminium radical or a ni-
trenium ion (eq 14b).
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H2804  +
RoNCI + HY — R,N: + HCI (14a)

nitroalkanes +

RoNCI+ AICl;  —>  R,N: + AICI,~ (14b)

2. N-Nitrosamines

Generation of aminium radicals by nitrosamine photolysis in
weakly acidic (pH ~ 1-3) aqueous alcohol'" is an interesting
reaction from a mechanistic point of view. Significantly, neither
thermolysis of nitrosamines in the condensed phase nor pho-\
tolysis in neutral solution causes the homolysis of the N-N bond,
owing to its partial double bond character.®’:%8 Extensive re-
search by Chow's group has indicated that a nitrosamine-acid
complex®® decays from the lowest singlet excited state to the
N-nitrosammonium ion (ground state), which thermally or pho-
tolytically dissociates to an aminium radical and nitric oxide (eq
15). Studies by flash excitation of both N-nitroso and N-chloro-

O--HT H
NN s R2N<
2 N==0

—> R,NH + NO  (15)

piperidine in dilute acidic solution and by comparisons of decay
kinetics have demonstrated that a common transient, the pi-
peridinium radical, is involved.®9.100

Despite the vastly different conditions for conducting the
preparative experiments, the reaction patterns of nitrosamine
photolysis approximately parallel those of chloramine photolysis
with notable exceptions (vide infra). Synthetically, simplicity of
experimentation and mild conditions may give nitrosamine
photolysis significant advantages over chloramine photolysis.
However, since nitrosamines are proven carcinogens to an/-
mals, 07 the user must exercise utmost safety precautions in
handling the chemicals.

3. N-Nitroamines

Photolysis of N-nitroamines in dilute acid solution has been
shown to generate the corresponding aminium radical (eq
16a)

hi
R:N-NO, —:> RoNH*- + - NO, (16a)
H
hi
RoN-NO, —3> RN - + - NO, (16b)

since the expected addition products to olefins via a radical
pathway have been obtained.”27% Similar photolysis under
neutral conditions (eq 16b) failed to give any addition product
in the presence of the same olefins. Together with the tetra-
methyl-2-tetrazene decomposition to be described below, these
results demonstrate the reactivity difference between aminium
and amino radicals; i.e., aminium radicais efficiently add to a
carbon-carbon multiple bond but amino radicals do not.82

4. 2-Tetrazenes

Acid-catalyzed thermal decomposition of 2-tetrazenes has
been proposed to give aminium radicals as intermediates which
may undergo complex oxidation processes to generate various
radicals.”4:88.96 Rgcently, it was shown that photolysis of tet-
ramethyl-2-tetrazene in the presence of trifluoroacetic acid
generated the dimethylaminium radical which efficiently attacked
olefinic bonds.?7®

h
R,NN=NNR, —:> 2R,NH* + N, (17)
H
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Similar to nitroamine photolysis, tetramethyl-2-tetrazene pho-
tolysis under neutral condition fails to give any addition product
to olefins supporting the conclusion on reactivity of amino rad-
icals reached above.

Photolytic generation of aminium radicals from nitrosamines,
nitroamines, and tetrazenes has a common feature in that neither
the excited state reactions nor aminium radical reactions are
quenched by oxygen.

D. High-Energy Radiation Methods

1. Radiolysis

Aminium radicals are frequently formed in high-energy radi-
olysis of amines. The radiation chemistry of water and aqueous
solutions is known to produce OH radicals, H atoms, and hydrated
electrons (e7,q), in addition to Hy, and Hy0,.792 Simic and
Hayon%2 have shown that 8™ ,q reacts rapidly (1.2 X 100 M~'
s™") with protonated hydroxylamine to produce the parent
nonaromatic aminium radical, NHg*-.

RH30H + 64 — NHz*- + OH (18)

A similar reaction takes place with O-methylhydroxylamine.
Fessenden and Neta'? have observed (CHz),NH*- and
(CH3)aN*- by ESR upon irradiation of acid solutions of di- and
trimethylamine with high-energy electrons. The aminium radicals
were formed by attack of HO- on the respective ammonium ions
(eq 19a). In neutral or basic solutions, amines invariably react

+
(CHg)sNH + « OH — (CHg)eN*+ + H,0 (19a)
RCH,—NR, + - OH — R-CH-KR, <> R-GH-NR, (19b)

with radiolytically generated HO- to produce aminoalkyl radicals
by abstraction of the hydrogen « to the amino group (eq 19b);
such a reaction pathway is anticipated because of the resonance
stabilizing influence of the lone pair electrons of the attached
nitrogen. This type of radical is frequently produced when amino
acids, peptides, and proteins are exposed to ionizing radiation
in both solution and the solid state. 05

Both Cole®? and Hyde and Freeman® have reported NHz*-
in x-ray damaged crystals of NH,ClO,4. In a similar manner,
Tench* has reported the ESR spectrum of (CH3)sN*- produced
by ~y-irradiation of crystals of (CHz)4NCI.

It is obvious from the above examples that aminium radicals
can be generated by high energy ionizing irradiation of appro-
priate amine precursors. This is an “overkill’” method, however,
and generally not a clean source of aminium radicals. This
method of generation has been utilized mainly to produce low
concentrations of these reactive transients for observation by
ESR or UV-visible spectrophotometry and much valuable kinetic
and structural data have been obtained.

2. Mass Spectroscopy

Owing to the relatively low ionization potentials of amines,
aminium radicals are almost always the initially formed ions in
mass spectroscopic studies of such compounds, 9

RoNCH,R' — 3 RoNCH,R' —3 RoN=CH, + R’ - (20)

Most aliphatic amines exhibit an easily observable molecular
ion (aminium radical) but the base peak frequently results from
a (3-cleavage of an alkyl radical (eq 20). Since aminium radicals
produced in this manner undoubtedly possess considerable
excess energy and undergo rapid fragmentation, they are unique
and not considered within the scope of this review.

E. Photosensitized Electron Transfer

Electronically excited states of many molecules are rapidly
quenched by amines and several lines of evidence point toward
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electron transfer, generating aminium radicals, as intermediates
in these reactions. This area has been recently reviewed by
Cohen and co-workers.'97 Weller's group'°® has contributed
considerably to this area, using aromatic hydrocarbons as ex-
cited acceptors; much work has also been done with ke-
tones.

Electron transfer from an amine to an electronically excited
hydrocarbon or carbonyl compound occurs at the diffusion-
controlled rate if AGis more exothermic than about 0.5 eV (12
kcal/mol).1°° With aromatic hydrocarbons there is evidence for
the formation of an intermediate exciplex which in polar solvents
may completely transfer one electron to form a solvated ion pair
which consists of an aminium radical in partner with an anion
radical:281.282

A+:D->[A-D< A= D*.] = A= +D*.  (21)

The triplet excited states of aromatic carbonyl compound are
also efficiently quenched by the electron transfer mechanism
to generate aminium radicals although whether it is a direct
transfer or via exciplex is not clear (eq 22).28%284 Since the

Ar,C=0 + RoNCH,R" —=> 3[Ar,C==0] + R,NCH,R’

T e trans:y

[ArsC——0" + R,NCH,R] —> Ar,G—O0H + R,NCHR'
(22)

lH' transfer

reduction
and
coupling products

back-transfer of an electron to give ground-state reactants, and
proton transfer between the aminium ion and radical anion are
both usually rapid, the initial intermediates are short-lived, al-
though both electronic'98.1%% and ESR spectroscopy’'® have
been used for their detection.

Alkylamines photolytically reduce not only the carbonyl
compounds with low-lying n-7* triplet states but also those with
low-lying285-287 r—zr* and charge-transfer triplet states;282 the
excited states of the carbonyl compounds are quenched at nearly
diffusion-controlled rates.288-290 Thesge observations led to the
proposal of charge-transfer quenching followed by an a-proton
transfer as the key step in the photoreduction.288 A direct a-
hydrogen abstraction, which leads to the same result, also oc-
curs to a lesser extent in secondary and primary alkylamines.2®’
The major support of the charge-transfer quenching mechanism
derives from the observation that quenching rates of fluorenone
triplets are linearly correlated with Hammett substitution con-
stants (o) of substituted dimethylanilines292.293 and also with
ionization potentials of various donor amines.285:294 Ag ex-
pected, the general trend of quenching efficiency is tertiary >
secondary > primary amines.

Further evidence for charge-transfer quenching is obtained
in the observation of the ESR signals of corresponding ketyl
anion radicals when benzophenone is photoreduced by iso-
butylamine or tert-butylamine and fluorenone by triethylamine.295
Although the corresponding alkylaminium radicals could not be
detected in these ESR studies, both the benzophenone radical
anion (Amax 650 nm) and the dimethylanilinium radical (Amax 480
nm) were recorded during laser flash photolysis in acetonitrile
solvent.2%8 Other aminium radicals have also been identi-
fied. 110297 The CIDNP observed for 4,4’-disubstituted benzo-
phenones during irradiation in the presence of Dabco also pro-
vided evidence for electron transfer from Dabco to the ketones
as the quenching step in the photoreaction.’'?
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lll. Spectral Properties and Energetics
A. Spectral Properties

1. ESR Spectra

a. aV Interactions and Structure

Aminium radicals are isoelectronic with alkyl radicals. Al-
though this results in a similarity of chemical and physical
properties, nonaromatic aminium radicals differ from their
carbon-centered analogs in several significant respects. Firstly,
the central nitrogen atom not only bears a significant spin density
but also possesses a formal positive charge which could produce
a difference in structure and reactivity for the two types of rad-
icals. Secondly, unlike alkyl radicals, the simple aminium radicals
carry a large portion of their unpaired electron density on an
ESR-active atom, i.e., "N (/ = 1; 99.63 % natural abundance). 5’
This latter features is particularly appealing to an ESR spec-
troscopist since the electronic interactions about the central
atom can be conveniently monitored without resorting to ex-
pensive and time-consuming isotopic enrichment as is usually
necessary with 3C for alkyl radicals. Nevertheless, owing to their
more frequent occurrence, transient carbon-centered radicals
have received considerably more attention by ESR spectroso-
pists than nonaromatic aminium radicals.

Alkyl radicals are easily deformed species and the unpaired
electron can be placed into a hybrid orbital on carbon if elec-
tronically compelled by appropriate substituents. In this review
we will consider a 7 radical as one in which the unpaired electron
resides primarily in a p orbital on the central atom, e.g., 10, while
a o radical has the unpaired electron located predominantly in
a hybrid orbital with a finite s component. An electronegative
substituent or constrained ring system forces s character into
the orbital of the unpaired electron. The effect of substituents
has been explained both on the basis of electronegativity con-
cepts’52 and conjugative destabilization; 53 the latter interpre-
tation appears correct. 5% The carbon-centered radicals 11-14

a0
H—C~-u 0
CF
N L
10 11 12
a'®c = 3834154 2716155 99.8156
o
CH,=C
2 \H
13 14
a'® = 10757154 136.7157.158

are classical examples of ¢ alkyl radicals on the basis of large
isotopic '3C hyperfine couplings to the centeral carbon atoms;
many other nonplanar alkyl radicals have also been identi-
fied.15°

The formal positive charge on the central nitrogen atom in an
aminium radical should result in a more rigidly planar, less easily
deformed species as compared to the isoelectronic alkyl radical.
Semiempirical SCF-INDO-MO calculations' support this
conclusion and predict that the out-of-plane bending force
constant for an aminium radical should be intermediate between
that of an alkyl radical and a carbonium ion. Energies of 0.2, 3.2,
and 9.7 kcal/mol are calculated as necessary to deform 15, 16,
and 17 by 8 = 10°, respectively.®? With the exception of several
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TABLE I. ESR Parameters of Nonaromatic Aminlum Radicals

Chow, Danen, Neisen, and Rosenbiatt

Radical aN aky a8 EW g Conditions, # temp Ref
NHz* 19.5 25.9 2.0035 NHLClO.4(s) 3a
18.1 25.0 2.0034 NHLCIO4(s) 3b
19.3 25.8 NH,ClO4(s), —196° 164
NDg*- 18.8 4,03% 2.0035 ND,Cl04(s) 3a
17.3 3.6 ND4ClO4(s), 27° 164
'SNHg* 27.2¢ 257 NHLCIO4(s), 27° 162
*NH,S05~ 18.2 22.8 NH3SO3(s), 27° 172
(CHa)N* 18.0 26.7 2.0044 (CH3)4NCIO(s) 4
20.7 28.5 2.0037 CF3803H(£) —50 to +160° 161
. 20.55 28.56 2.00357 HoO/HCIO,(£) 103
(CHg)oNH* 19.28 22.73 34.27 2.0036 90% HpS04(£), 31° 171
_ 19.23 21.96 33.61 2.00354 HoO/HCIO 4(£) 103
(CHa)ND* 19.3 3.52b 345 2.0036 90% D2S04(£), 31° 171
(CHaCH)NH* 18.65 22.24 37.19 2.0036 90% HpS04(), 31° 171
(CH3CHZ),ND+ 18.7 3.44b 37.5 2.0035 90% D,S04(£), 31° 171
(CH3CH2CHZ),NH* 18.58 21.81 32.41 2.0036 90% H,S04(#), 31° 171
[(CHa)2CH]NH* 18.7 225 21.7 0.80 2.0036 90% HoS04(#), 31° 171
{CH3)sCN*HCHg 19.2 222 34.5 0.71 2.0036 90% HyS04(£), 31° 171
;b 21 30.2 See text for other hfs assignments CF3SO3H(£), —40° 173

N
224 25.1 See text for other hfs assignments CF3S03H(#4), 0° 173

N

<

r (231 21.6 See text for other hfs assignments CF3S03H(£), —50° 173
Dabco- 16.96 7.34 CH3CN(£) 127
14.1 22.5 (4 H) CH3CN(#), 75° 134
(@17) 19.5 2.0041 CH,Cly(£) 133

[\4
N 25 7.04 7.68 (8 H) CHa(CH2)2CN(£), —100° 132

@N 4,14 (8 H)

a2 (s) = solid or glass phase; (&) = liquid solution. Temperature in °C; assume ambient if temperature not noted. ® Deuterium hfc. ¢ 5N hfc.

H ’]C\70

Heol + H- ~—— A
H H H=N—H H®=C—H
15 16 17

bridgehead aminium radicals to be discussed below, the ESR
evidence is consistent with a planar geometry about nitrogen
for all nonaromatic aminium radicals reported to date although
it will be shown below that aN is probably not nearly so sensitive
to out-of-plane deformation as a"C.

The ESR parameters for well-characterized nonaromatic
aminium radicals are reported in Table I. The simplest radical,
NHa*-, has been studied by three groups of workers3 %4 who
unanimously agree that the radical possesses a planar geometry.
The isotropic ESR parameters for the radical "’tumbling” in the
NH,4CIQ 4 matrix at room temperature,® the anistropic interactions
at 4 K,"%2 the aN/a'C ratio for NHz*+ vs. «CHg, and comparison
of aN with theoretical calculations® '3 are all consistent with
a 7 electronic configuration for NHz*-. The insensitivity of aN

to temperature changes in the —196 to +25 °C region®4
compared with the predicted and observed sensitivity of a'*Cin
CH; is in accord with a far greater resistance to bending ex-
pected for NHz*-.

The trimethylaminium radical, (CH3)sN ™, has been generated
by v-irradiation of crystals of tetramethylammonium chioride.*
Tench concluded that the radical is probably planar although it
executed restricted rotation in the host crystal at room tem-
perature. More recent solution studies yielded slightly higher
values for aN and ag™ (Table I). Interestingly, a" for (CHg)sN™-
(20.7 G) is larger than for NHs*- (18.1-19.5 G) even though in
the former an appreciable amount of spin density is removed
from the central nitrogen atom to the methyl substituent via
hyperconjugation (vide infra). The larger aN for (CHg)gN*- as
compared to NHg*- then may reflect a more effective 7 — ¢
spin polarization for a N-C bond as compared to a N-H bond. 65
It has been demonstrated’®? that both a and ag for (CHz)aN*-
are independent of temperature within experimental accuracy
(0.2 G) over the temperature range —50 to +160 °C indicating
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no significant admixture of 2s character into the wave function
as a result of deviation from planarity. A similar qifference exists
in a”C in comparing CHg* (38.5 G) vs. (CH3);C (49.5 G); vari-
able-temperature studies have demonstrated that the latter
radical is nonplanar,166-170

The ESR spectra of various dialkylaminium radicals, Ro;NH™,
have been obtained by ultraviolet photolysis of the corresponding
N-chloramines (eq 23) in 90% H,S0, solution'?" (Table 1). The
dialkylaminium radicals are the conjugate acids of dialkyl-

RoNCI — R NH* (23)
H2804

amino radicals, R,N-, and comparisons of the two types of
paramagnetic species were discussed. The most notable fea-
tures include: (a) aN for Ro;NH™ (~19 G) are considerably greater
than aN for R,N- (~14 G); 74 (b) the methyl hyperfine interaction
in (CH3),NH* (34.27 G) is significantly larger than the corre-
sponding interaction in (CH3)oN- (27.36 G); (c) there are less
pronounced conformational restrictions in RoNH™ than in RyN-,
presumably because of a greater CNC angle for the former (126°
and 117° for (CHz),NH* and (CHg).N-, respectively, from INDO
energy-minimized geometries).

The aV/aY, ratio for the dialkylaminium radicals in Table | was
reasonably constant at 0.84 + 0.02 which was slightly larger,
as anticipated (vide supra), than the value of 0.76 for -NH;* but
identical with the ratio of 0.84 obtained for several diarylaminium
radical cations. 78 The deuterium coupling, alp, was within ex-
perimental error of that anticipated from a, when allowing for
the different nuclear moments and spin and a" was not affected
by deuteration even though aN decreases by ~2 G in going from
NH, - to NDgt-.184 All data for the dialkylaminium radicals were
consistent with a 7w electronic configuration.

There are but few reported examples of aminium radicals
substituted with electronegative substituents analogous to the
carbon-centered species 11 and 12. The SOz~ group in
*NH,S03™~ does not affect aN to any significant extent. One of
the present authors 8" has observed (CICH,CH,)NH for which
a\ = 19.0 G, &, = 22.0 G, and &; = 35.7 G. These parameters
are similar to those for (CHaCH,),NH™, indicating that the two
v chlorines are too remote to perturb the geometry. Attempts
at generating aminium radicals with more strongly electron-
withdrawing groups or the aziridinium radical were unsuccess-
ful. 181 Attempts 16" to generate F,NH™ by dissolving N,F 4 in ei-
ther CF3SO3H or FSO3;N-SbF 5 produced only the spectrum of
|:2N,_176

Tetraalkylhydrazine radical cations, nitroxides (18), and ketyl
radical anions share the property of having a "three-electron =
bond”. The first two species may in a sense be considered
substituted aminium radicals with substituents -NR, and =0,
respectively, the latter because of the charge resonance form
18b for nitroxides. Although the inversion barrier is very low,

Ro;N=20 R—N—R R—N—R
18 18a 18b

some tetraalkylhydrazine radical cations have been shown to
be nonplanar by variable-temperature ESR studies.’”®® There
is both experimental and theoretical evidence for nonplanarity
at nitrogen in nitroxides,77 and there is considerable theoretical
evidence that the carbon-centered ketyl radicals have a stronger
preference for a pyramidal carbon 762 than nitroxide or hydrazine
radical cations do for pyramidal nitrogen, in accord with the INDO
results discussed above.

Symons et al. have obtained spectra of the imino radical
H,C==N in both solid KCI (aN = 9.5 G)'78 and HCN (&N = 15 +
2 G).'%4 The increased aN value in HCN was attributed to either
an enhanced spin polarization upon hydrogen bonding via the
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7 formulation 19 or a real admixture of 2s character via the ¢
formulation 20. The former explanation is in accord with other

o

HC=N-~-H—CN
H,C==N_

“SH—cN
19 20

data (vide supra) demonstrating an increase in a" upon proton-
ation of a neutral nitrogen-centered radical but suffers from the
nonobservance in the ESR spectrum of the hydrogen-bonded
hydrogen although the broad lines in the spectrum might have
obscured this coupling. A nonlinear CNH alignment to produce
the o-like radical 20 analogous to the carbon-centered vinyl
radical 13, if indeed correct, might be considered an aminium
radical with a o electronic configuration.

The bridgehead aminium radical derived from 1-azaadam-
antane 23 which is isoelectronic with 14*- as well as the even
more strained species from 1-azabicyclo[2.2.2]octane (22) and
1-azabicyclo[2.2.1]heptane (21) have been reported.'”? The

10.8

aN = 21.6

23+

radicals 217--23*- were generated by irradiation of the
amine—-Cl, adducts in CF3SOzH solution. Nitrogen hyperfine
interactions of 30.2, 25.1, and 21.6 G were observed for 21+
-23*- respectively, which compared with a\ = 20.7 G for the
trimethylaminium radical. It was concluded that the cage radicals
are pyramidal about their respective nitrogen atoms but that
there is a trend toward planarity in going from 21*: to 23*.,
Complete iINDO geometry optimizations for 21+., 22+., 23+,
and (CHg)gN*- indicated that the nitrogen atom is external to a
plane defined by the attached three carbon atoms by 0.44, 0.32,
0.30, and 0.0 A, respectively. Large long-range hyperfine cou-
plings, particularly to the 6 hydrogen in 22*- (14.3 G) and the axial
6 hydrogens in 237 (10.8 G) were observed, but the coupling
to the bridgehead hydrogen in 21%- was only 1.8 G. Interestingly,
movement of the bridgehead nitrogen inward predicts a calcu-
lated decrease in a4 for 22+- but an increase for this proton in
217", suggesting that a through-bond mechanism for spin de-
localization is operative in these bicyclic radicals and that a
backlobe effect is probably unimportant.

Unlike the radicals 21*--23"-, the spectrum of the aminium
radical derived from Dabco is so easily obtained in a simple flow
cell that the ESR detection of this species is the basis of an un-
dergraduate laboratory experiment.52 The stability derives from
unpaired electron delocalization over both nitrogen atoms as
discussed in section li.B. The 16.96-G coupling to the two
bridgehead nitrogens and the 7.34-G interaction with 12 equiv-
alent hydrogens'?’ may be compared with 22+, Considering
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that only half” of the spin density and charge is associated with
a given nitrogen, the aN indicates appreciable deviation from
planarity for Dabco™-.

Even though 24*- possesses an aromatic ring, it is correctly
included in this review because Alder and co-workers'34 have
shown that there is no delocalization of the unpaired electron
into the naphthalene moiety because of the orthogonal nature
of the requisite orbitals.3%5 The radical cation is very long-lived,
and formed at a low oxidation potential, probably because re-
moval of an electron relieves strain in the bicyclo[3.3.3]undecyl
system (even neutral 24 is nearly planar at nitrogen).'35 The

/N
N-——-N-

Q0

24+

relatively large value for aV of 14.1 G is consistent with o*
character in the spin-bearing orbital which will cause the nodes
to lie inside the nitrogen nuclei. In the absence of ¢* character,
the authors reason that a" might be expected to be about half
that of (CH3)aN*-4 or ~9 G. However, the relatively electro-
negative sp? orbitals of the naphthalene substituent would result
in at least a slightly enhanced aN as a result of more efficient
—> ¢ spin polarization. Only one proton of each o-CH, group is
properly aligned for hyperconjugative interaction indicating a
rather rigid structure of 24*- even at 75 °C.

The ESR spectrum of 25%- was originally interpreted in terms
of all four nitrogens being instantaneously equivalent because
of 1,4-through-bond and 1,3-through-space lone-pair interac-
tions.'32 A more recent interpretation of the electronic ground
state of 25+ by Haselbach and co-workers "% utilizing geome-
try-optimized MINDO/3 calculations indicates a less symmetrical
structure 25a*- < 25b*. with two nitrogens involved in a
three-electron bond as was suggested for 24+., However, the

“wj £§

25a" 25b*"

2

(24)

equivalency of the four nitrogens is consistent only with rapidly
equilibrating structures necessitating rapid (on the ESR time
scale) electron transfer between the sets of NC,HsN groups (eq
24).

In summary, aminium radicals appear considerably more rigid
than the isoelectronic alkyl radicals. The a values were seen
to vary from ~18 to 19 G for HgN+ and R,;NH* which are planar
to 30.2 G for 21%- which is certainly pyramidal about nitrogen.
It is also apparent that aV is not nearly so sensitive to electronic
configuration as is a'*C (vide infra).

b. a" Interactions

The a" couplings in aminium radicals arising from both spin
polarization and hyperconjugative mechanisms are generally
somewhat greater in absolute magnitude than a" for the corre-
sponding alkyl radicals. For example, ah, = ~26 G for NHz*-
vs. a = 23.04 G for CH; but ally = 22.73 G for (CH3),NH™ vs.
& = 22.11 G for (CH;),CH. The more nearly equal couplings for
the latter comparison apparently result from a somewhat di-
minished spin density on nitrogen in (CH3),NH* as compared
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to the central carbon in (CH3).CH as a result of more effective
hyperconjugation in the aminium radical (vide infra). The &, and
! couplings are negative, of course, with the hfc in the nitro-
gen-centered radicals enhanced by an excess charge effect by
which the effective radius of the hydrogen 1s atomic orbital is
influenced by its excess charge; the hfsc is proportional to Z°
for hydrogen. 80 This effect is particularly obvious when the
series \BH3z ™+, CHa+, and NHz*- is examined: g = —16.5; —23,
and —25.9 G, respectively.

The hfs interaction of hydrogens 3 to the site of unpaired
electron density in a planar 7 radical arises principally by a hy-
perconjugative mechanism and follows a relationship ag = (A
+ Bcos?6)p'8 in which 8 is the angle between the axis of the
2p orbital at the central atom and the plane containing the central
atom, Cg, and Hg; p is the spin density at the central atom. Since
A is generally much smaller than B, the expression may be
shortened to a3 = Qc.p when considering a rapidly rotating
methyl substituent (cos?2 6§ = 0.5). For the series CH3CH,,
(CHs),CH, and (CH,)sC, Fessenden and Schuler'82 have dem-
onstrated that @, is constant at 29.3 G assuming that the spin
density at the central carbon followed the expression p. = (1
— 0.081)™, where m is the number of methyl groups attached
to the central carbon. This Q value derived from the neutral alkyl
radicals is not universally applicable, however, and systematic
deviations have been observed with aromatic alternate hydro-
carbon radical anions and cations. In general, cation splittings
are larger than those expected from an equivalent spin density
in the anion which suggests that the Q value is somewhat de-
pendent upon the charge at the central atom, €3.184 Hypercon-
jugation to a 3 hydrogen is apparently more effective in a posi-
tively charged radical because of a better matching of the
energies of the 2p orbital possessing the unpaired spin and the
appropriate C—H orbital.

A Qi value of 32.7 G was determined for neutral dialk-
ylamino radicals from the observed methyl coupling of 27.36 G
and an INDO geometry-optimized nitrogen 2p spin density for
(CH3)oN. 77" A similar analysis for the aminium radical (CH3),NH*
suggested Qllc,; = 42.9 G reflecting the enhanced hyperconju-
gative effect in the charged radical. The INDO calculated spin
densitites of 0.8370 and 0.7996 for the neutral and charged ni-
trogen-centered radicals?! may be compared with an estimated
pc Of 0.844 for (CH3),CH. 82 These estimates illustrate more
effective spin delocalization for the charged radical than for the
isoelectronic alkyl radical.

Enhanced long-range, through-bond couplings to remote ~
and & hydrogens are obvious in 22+- and 23*-, These hydrogens
are well aligned to form a planar zigzag chain (W plan),’85 and
the lower energy of the positively charged nitrogen orbital (rel-
ative to carbon in the corresponding alkyl radicals'57) allows a
better mixing with the appropriate C-C bonds. The 6 couplings
of 14.3 and 10.8 G in 22*- and 231, respectively, and the v
interaction of 7.02 G in 23*- are the largest couplings of these
types known to the present authors. .

Variations in & for (CHy),NH* (34.27 G), (CH3CH,) NH*
(87.19 G), and [(CHg),CH]NH* (21.7 G) demonstrate that there
is restricted rotation about the C-N bonds in the latter two radi-
cals.'7? Comparison with the corresponding dialkylamino radi-
cals indicated a less pronounced conformational preference in
the charged radicals, however, which was accounted for by a
more opened CNC angle for the aminium radicals (INDO cal-
culated 126° for (CH3),NH™) as opposed to the neutral species
(117° for (CH3).N).

¢. Theoretical Calculations

Nonaromatic aminium radicals, particularly NHg*:, have been
subjected to a number of theoretical treatments by both semi-
empirical and ab initio methods. Cole,3® using Hartree wave
functions, calculated aN = 21.4-23.2 Gand 157.4 G for planar
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and tetrahedral (HNH angles = 109.5°) NHg*-, respectively. By
comparison with his observed aN values of 19.5 (NHz*-) and 18.8
G (ND3*+), he concluded that these radicals must be planar and
that the smaller value for the deuterio compound resulted from
a lowered amplitude of the umbrella mode vibrations.

Giacometti and Nordio, 62 using SCF molecular orbitals ob-
tained from Hartree—Fock-type atomic orbitals and performing
an extensive configuration interaction calculation, obtained aV
= 20.9 and a" = 28.8 G for planar NH;*- and a\ = 66 G for a
pyramidal configuration. These calculations were likewise taken
as justification for a planar or quasi-planar NH; -,

A more rigorous calculation utilizing an ab initio UHF method
in the LCAO-MO approximation involving spin annihilation of
the quartet spin state and optimization of the N-H bond length
and hydrogen atom orbital exponent yielded a¥ = 10.57 G and
a = —22.65 G for NH;*-.786 |t was further calculated that in-
clusion of the out-of-plane zero-point energy vibration increased
aVto 16.92 G and a" to —20.02 G indicating the importance of
vibronic effects to aV.

Pople and co-workers, 872 tilizing ab initio methods with both
minimal (STO-3G) and extended (4-31G) basis sets, obtain a
planar geometry with Dy, symmetry for NHz*-. Interestingly, the
former basis set gives a slightly nonplanar configuration for
'CH3.

In an analysis of localized molecular orbitals generated from
INDO wave functions for various amino radicals, vibronic con-
tributions to aN for -NH, and NH3*- were examined. %5 The en-
ergy-minimum aN value for NH;*- of 21.6 G was found to be
somewhat larger than that from ab initio methods and the vi-
bronic contribution of +1.6 G to be considerably smaller. The
energy localized « spin orbitals of NHs™- were found to make
angles of 112° with the threefold spin axis and were surprisingly
similar to those of NH; even though a planar geometry was
calculated for the radical. It was concluded that this situation
leads to about 6 % direct delocalization of the lone orbital over
the three hydrogen NH3*- orbitals.

The INDO method also suggested that &N in aminium radicals
is not overly sensitive to out-of-plane deformations.®? For ex-
ample, aN is calculated as 21.5 G (3.9%) and 44.9 G (8.2 %) for
planar and tetrahedral NH,*, respectively, while a"°C = 46.8
G (4.2%)and 139.5 G (12.6 %) for the isoelectronic -CHj radical.
Similar effects are noted in aN for NF3+- [18.1 G (3.3%) planar
and 55.3 G (10.1%) tetrahedral] and -CF5 [38.7 G (3.5%) planar
and 222.6 G (20.1%) tetrahedral]. The percentages are in ref-
erence to the maximum couplings possible, 550 G for 1N and
1110 G for 8C.57 It has been shown that INDO calculated a'°C
values are in quite good agreement with the experimental values
for 10, 11, and 14. Although not in quantitative agreement, INDO
does predict relatively small aN values for 21-23 as is observed.
It appears plausible, therefore, that distorting a charged aminium
radical from a planar geometry may not be as effective in ad-
mixing real 2s character into the orbital of the unpaired electron
as is a similar distortion in an alkyl radical.

As noted above, INDO calculates a larger CNC angle for
(CHg)aNH*. than for the conjugate base, (CH3),N-, which can
account for the diminished conformational preference for the
alkyl substituents in R;NH*-.177 The calculated hisc’s, aN = 16.7,
a8 = —25.2, and &3, = 28.7 G for (CHz),NH™*- are in reasonable
agreement with experiment (Table I).

2. Electronic Spectra

Whereas there are considerable data on the electronic spectra
of transient neutral amino radicals and highly conjugated, stable
aminium radicals (Wurster’s salts, Weltz's salts, etc.), there are
but few reports of such spectra for nonaromatic aminium radi-
cals. Flash photolysis of A-nitrosopiperidine in 0.01 M HCI
produced a transient with a maximum <280 nm which was at-
tributed to the piperidinium radical.?9:19? The radical had a life-
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time of 124 + 10 us under these conditions. A similar absorption
spectrum was obtained from the flash photolysis of N-chloro-
piperidine in 0.01 M H,S0,4.99:100

Utilizing a pulse radiolysis technique to generate hydroxyl
radicals, Simic and Hayon observed the absorption spectrum
of HONH at Aax 217 nm, but in more acidic solution in which
HONH, - would exist only a weak absorption with a maximum
<220 nm was reported.'92 In contrast, an isoelectronically re-
lated species, the hydrazine radical cation 9,9'-bis(9-azabicy-
clo[3.3.1]nonane) hexafluorophosphate has Amay 345 nm and
log € = 3.56 in 95% ethanol.’8® No transients that could be
assigned to the :NH, or :NHz* radical were observed on pulse
radiolysis of oxygen-free NH,OH at pH 7.0 or 3.0. The existence
of the latter species was demonstrated, however, by observing
the absorption spectrum of its adduct to benzene.

The hypochlorous acid oxidation of Dabco in a flow system
utilizing acetonitrile-H,O solvent produced the reddish radical
cation which had Amax 465 nm (e 2104 £ 231 M~ cm™ ) in the
visible region reflecting the delocalized nature of the unpaired
electron.5' The color of the transient intermediate was not in-
variant. In pure acetonitrile it was green, but in acetonitrile
containing sodium perchlorate it was reddish brown.3°

The aminium radical 24*- is also reddish brown in acetonitrile
(Amax 480 nm (log €max 3.1)). 13 The similarity in Aya, for Dabco™-
and 24" must be considered fortuitous since the two radical
cations possess fundamentally different bonding. The former
radical is delocalized via a through-bond mechanism while the
latter has a direct through-space interaction of the two nitrogens
with the electronic excitation involving the ny — n_- transi-
tion. 134

It has been observed''S that solutions containing 25%- were
intensely purple (Amax 564 nm) which reflects a lower energy
electronic transition than either 24*- or Dabco*-. Likewise,
oxidation of solutions of N,N’-dimethyl-1,5-diazacyclooctane
produced a transient red color which was ascribed to the ami-
nium radical.3° However, this interpretation might be questioned
since one of the present authors'88 has determined the litetime
of this aminium radical to be less than 5 ms in neutral acetoni-
trile.

There is obviously a paucity of data on the electronic spectra
of nonaromatic aminium radicals and additional work in this area
would be desirable.

B. Experimental Redox Energetics

1. Electrochemical Measurements

Whereas ESR data contribute to an understanding of the
electronic structure and spin distribution in nonaromatic aminium
radicals, electrochemistry can yield information on the ease of
formation and stability of these transient intermediates. To
quantitate the ease of formation of aminium radicals in solution,
the E° values for amine — (amine)*: + e~ redox couples are
required. Such data have been acquired in only a few cases. The
most common method to obtain E° experimentally is to use
cyclic voltammetry, 72 in which current is observed as a function
of potential when a triangular potential vs. time wave is applied
to the working electrode. If the electron transfer is electroche-
mically reversible (fast compared to the potential scan rate), an
oxidation wave is observed as the potential is increased past £°
for the redox couple, and on the return scan, a reduction wave
of the same height as the oxidative wave is observed. In the
absence of experimental and kinetic problems, the difference
in peak potential for the two waves is 56 mV for a one-electron
transfer, and E° for the couple is equal to E;,,, the average of
the peak potentials (E) for the oxidation and reduction waves.
If the electron transfer is electrochemically irreversible (slow
compared to the scan rate), the oxidation potential is shifted
anodically (to more positive values) from the “reversibie’’ po-
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TABLE Il, Peak Potentlals for Some Acyclic Alkylamines
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TABLE Wi, Peak Potentlals for Some Cyclic Alkylamines

E, (Vs Agt|
AgNO3) E, (V vs.
CH3CN, SCE) aqueous,
Compound Pt electrode’!? C electrode

Me,NH 1.034
EtoNH 1.01 1.004
n-ProNH 0.92 0.904
n-BuoNH 0.87

n-PentoNH 0.86

-ProNH 1.00

(CeHs)oNH 1.08

MesN 0.82 0.764
EtsN 0.66°¢ 0.698.9
n-PrsN 0.64

n-BusN 0.62

n-PentsN 0.55

n-Bu,NMe 0.65°%
i-PrNMe, 0.73°
4-MeCgH4CHoNMe 0.76°
CeHsCHoNMe 0.71 0.77%
4-C|CGH4CH2NM62 0.73 0.78b
4-Cl3CCgH4sCHoNMe, 0.80°
4-CNCgH4CHoNMe, 0.82 0.81%

a AtpH 11.9.4 2in 30% methanol containing 10™3 M NaOH.'2° © A value
corresponding to 0.79 was obtained by Miller and co-workers'2® under
similar conditlons. 9 A value of 0.73 was obtained by Lindsay Smith’'s
group.™1®

sition of 56/2 mV anodic of E°, the amount depending upon the
heterogeneous rate constant for electron transfer. If the radical
cation is so reactive that it is destroyed before reduction on the
negative-going scan, no cathodic wave is observed, and E;°%
shifts cathodically, the amount depending upon the rate of the
following reaction,113.114

The radical cations from simple aliphatic amines are so re-
active that only an oxidation wave is observed by cyclic vol-
tammetry, the only exception yet reported being 9-tert-butyl-
9-azabicyclo[3.3.1]nonane (26) which gives a completely re-
versible CV wave. 3 It is possible that the shifts of £, from £°
would be similar for all aliphatic amines (which would occur if
the reactions destroying the cations were, e.g., all diffusion
controlled), so that differences in E, would reflect differences
in E°. Mann'8 reported the first cyclic voltammetry studies on
amines, and the latest set of values from his group appears in
a monograph by Mann and Barnes."'” Monoalkylamines show
only extremely distended waves, and the E, values observed
(+1.63 to 1.72 V) do not respond to changes in alkyl group
substitution in a reasonable way; these values are probably
useless for predicting true E° differences. In contrast, £, values
for secondary and tertiary amines respond to alkyl group changes
in a regular manner. Mann’s data were obtained at a platinum
electrode in acetonitrile while Masui and co-workers''8 have
reported similar data in aqueous solution at a glassy carbon
electrode. A comparison of some of the £, values obtained by
these two groups appears in Table Il, along with data for aryl-
methyl dimethylamines, from the work of Lindsay Smith'® and
Mann. 117 The observed decrease in E° with homologation of
alkyl groups and the slight increase as electron-withdrawing
groups are substituted on an arylmethyl group reinforce the hope
that the £, values measured represent changes in E°.

Values of E, for a number of tertiary alkylamines have recently
been reported by Linsay Smith and Masheder,"'® some of which
are summarized in Table Ill. The pattern of £, values observed
for the monocyclic compounds was interpreted as reflecting a
late transition state for electron transfer, because the depen-
dence upon ring size resembles that seen in solvolysis rates of
- alkyl chlorides and thermolysis rates of azocycloalkylnitriles.!®
The high £, of quinuclidine, 22, reflects ring strain in the radical
cation, while the low E, for 1-azamanxane, 27, results from relief

Compound E; (V vs. SCE)®
N-n-Bug 1.63
(CH2)4NM9 0.68
(CH2)sNMe 0.80
(CHQ)@NMG 0.60
(CH2)7NM3 0.51
< N— 0.77
( ;— 0.74

\
CE_
;& (22) 0.96°

N

@n 0.38
$ '

@NC(CH% (26) 0.74¢ (E°)
@7NCH(CH3)2 82) 0.82¢

@ MeOH, 1073 M NaOH, C electrode: reference 119. © A value of 1.10
V vs. SCE at a gold electrode in acetonitrile has been reported.'2® ¢ in
CH4CN. 133

of strain in going to the cation; 27 is known to be nearly flat at
nitrogen in the neutral form'2" as aresult of the bicyclo[3.3.3] -
undecyl framework.

A reliable E° value may be obtained electrochemically when
the cation radical is sufficiently long-lived for a reduction wave
to be observed in the cyclic voltammogram since £° must lie
between the peak potentials. The radical cations of amines
conjugated with double bonds are frequently sufficiently stable
for determination of £°, as Fritsch, Weingarten, and Wilson have
shown;'22 £° values are given in Table IV. The radical cation
lifetime increases markedly as dimethylamino groups are sub-
stituted on a double bond, and E°® decreases dramatically. As
Kuwata and Geske'2® first showed, tetrakis(dimethylamino)-
ethylene (28) is astonishingly easily oxidized since even the
second electron can be removed at a potential which will reduce
nitrobenzene to its radical anion. In air, 28 oxidizes in a complex
acid-catalyzed, chemiluminescent reaction.124125 For tetra-
kis(dimethylamino)-2,3-dimethylbutadiene (29), removal of the
second electron is actually more facile than removal of the first,
an effect which must be caused by the strain present in the
planar radical cation. The dication can rotate about the C,~C3
bond to reduce steric interactions considerably compared to the
monocation which has a high = bond order between C, and Cj.
A single, two-electron oxidation wave is observed by cyclic
voltammetry, and AE® was measured by determination of the
neutral-dication disproportionation constant.22

The study of the oxidation of saturated diamines received its
impetus from Geske's discovery that Dabco has a remarkably
long-lived radical cation.’27 Some peak potentials which have
been reported for diamines’2® appear in Table V. It is clear that
there is a sharp increase in £, in going from a 1,4- to a 1,3-di-
amine, as expected on inductive grounds because an NCH,
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TABLE IV. Oxidation Potentiais and Lifetimes for Some
Dimethylamino-Substituted Olefins 22

Compound E°4® E°,® ti2, 8¢
MeEN—@ +0,427 <5 X 1073
Me
Me,N +0.38 3X 1073
Me
(Me,NIC==CMe, +0.25 25X 1073
Me,N
. +0.24 Days
Me,N @
(Me,N),C=CCl, +0.52 250
(Me,N),C ==CHNMe, —0.40 =0.17 Days
{Me;N),C=CNMe,), (28) —=0.77 —0.65 Days
((Me,N),C=CH-), —0.40 =0.17 Days
((Me,N),C==CMe=-), (29) —0.90 —1.02 Days

@ For removal of one electron. ? For removal of a second electron.
¢ Lifetime of the radical cation, determined by cyclic voltammetry or ESR.
9 Irreversible wave; value given is at 25% of the peak current, 100 mV/s
scan rate.

substituent is electron withdrawing compared to a CCH, sub-
stituent. The lifetimes of the radical cations from the diamines
in Table V (except for Dabco and 25) are short on the cyclic
voltammetry time scale, and the E,, values observed provide no
support for a contention that the nitrogens are sharing the pos-
itive charge.

In contrast, Dabco gives a far longer lived cation, allowing
measurement of E°.126.127 The ESR spectrum of Dabco*-
showed two equivalent nitrogens (Table 1),'27:128 and a special
interaction between the nitrogens was suggested even in the
neutral molecule by its long-wavelength absorption maximum, 127
Hoffmann and others'2® pointed out that two types of intramo-
lecular orbital-orbital interactions could lead to special effects
in Dabco. The nitrogen lone-pair orbitals could interact
through-space by back-lobe overlap, or there could be a
through-bond interaction. For the latter, the symmetric C-C ¢
bond orbital combination, which is geometrically ideally situated
for the purpose, mixes with the symmetric lone-pair orbital
combination. Extended Hiickel calculations predicted that the
through-bond interaction was substantially larger than the
through-space one. These conclusions were strikingly confirmed
by the photoelectron spectroscopy work of Heilbronner and
co-workers. 3% The nitrogens of Dabco are thus “conjugated”
with each other through the ¢ bonds, as a result of the special
geometry of this system. Staley and Beauchamp'®! have mea-
sured the RgN*—H bond dissociation energy for protonated 22
and Dabco to be 97.4 and 83.3 kcal/mol, respectively, by ion
cyclotron resonance techniques, and assigned the 14-kcal/mol
difference as the resonance stabilization energy of Dabco.

The probability of three-electron ¢ bonding in 24+ and 25+
is discussed above and presumably leads to their otherwise
surprisingly low oxidation potentials.

2. lonization Potentials

The vapor-phase ionization potential’®® gives the energy
required for removal of an electron from a compound. Formally,
ionization potentials are similar to E° values, which are not
available for most the compounds of interest here. Unfortunately
for this purpose, the "’lone-pair”’ electrons on an amino nitrogen
are advisedly written in quotation marks, because these orbitals
are actually significantly admixed with other orbitals in the
molecuie. There is a large geometry change when an electron
is removed from an alkylamine, which is approximately tetra-
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TABLE V, Peak Potentlals for Some Saturated Diamines

Compound E, (V vs. SCE)?
MGQNCHQNMGQ 0.87
Me2NCH20H2NMe2 0.66
Me —N N—Me 0.75

n/
N (Dabco) 0.80°

N

N

Q @0) 0.56
N
!F :
Q 1.20
N

0.84

=
%’*{]

N~
/\

z

N /— j(zsﬁ) 0.58°¢
[ &N
0.11¢

@ At gold, in acetonitrile; ref 126. ® Partially reversible at room temper-
ature, E° = 0.57'26 (compare with 0.68 reported by McKinney and
Geske'?7), © Partially reversible at room temperature, £° = 0.56.126 d £°
value; reversible at all temperatures. 34

O

hedral at nitrogen, to give an amine radical cation, which is
planar. For this reason there is a substantial difference between
the adiabatic ionization potential (/, the energy required to re-
move an electron from a neutral amine in its zeroth vibrational
level to give a vibrationally relaxed radical cation) and the vertical
ionization potential (the "vertical” energy gap to an ion having
the same geometry as the neutral amine). There must be a great
mismatch of vibrational states between a neutral and an ionized
amine. It is the adiabatic ionization potential, /,, which corre-
sponds to the electrochemical E° (except for the phase differ-
ence).

Experimental measurement of /, for most amines is plagued
by the vibrational mismatch problem, resuiting in vanishingly
small intensities at the onset of ionization. Where special cir-
cumstances result in vibrational fine structure being observed
in the lone-pair ionization band by photoelectron spectroscopy
(PES), 37 as it is for ammonia™7? and certain bicyclic amines and
diamines (including Dabco, 22, 25, 30, and 31), the first observed
fine-structure maximum20 is at least close to /,, although it is
not always clear that the 0,0 band has actualiy been observed.
For the bicyclo[3.3.3]undecane derivatives 2437 and 27738 in
which the nitrogens are nearly planar in the neutral form and only
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TABLE VI. Representative Amine Adlabatic lonlzation Potentials?42

Compound I, eVe Compound . eV*2
NH3 10.154 EtoNH 7.85
MeNH, 8.89 n-ProNH 7.76
EtNH, 8.76 -ProNH 7.59
n-PrNH, 8.54 MesN 7.76
~PrNHz 8.63 EtsN 7.11
Me,NH 8.15 n-PraN 7.03

@ Precision quoted at 0.1 eV, 142

minor geometrical changes occur upon ionization, very strong
0,0 bands are observed, and /; is unambiguously determined.
The situation is quite different for most aliphatic amines, for
which the lone-pair ionization band is a featureless lump, with
a gradual onset. Although in early PES work ""adiabatic” first-rise
I, values were reported for several amines,’®® the photoion-
ization technique developed by Watanabe gave distinctly lower,
and hence preferable, I, values for amines’4° (for eight com-
pounds in common, the PES values were an average of 0.25,
range 0.08-0.50 eV higher than the photoionization values). Even
the early PES /, values of 8.7073% or 8,733% gV are clearly to
be preferred over photoionization values for benzylamine. Now
that the baseline problem3® of early PES instruments has been
solved, it is common to only report PES peak maxima, /, since
these values are more precisely measured. Since PES |/, values
for many acyclic, cyclic, and bicyclic amines™#".142 and di-
amines132.143.144 haye heen reported, there has been an un-
derstandable reluctance to quote first-rise PES values as /,.14°
Aue and co-workers'42 have recently published such a set of
data, part of which appears in Table V1. Their PES /, values are
uniformly lower than Watanabe and Mottl’s photoionization /,
values ' (average 0.14, range 0.04-0.39 eV for 11 compounds
in common), and are therefore presumably to be preferred. It is
not now apparent how much a tenfold increase in signal-to-noise
ratio would alter the position of first-rise for the PES peak of
these amines; we note that PES derived /, values decreased an
average of 0.41 eV between 19641392 and 1976,42 presumably
due to improvements in instrumentation.

3. Data Correlations
a. Oxidation Potentials

Since [, is the energy gap between the neutral species and
the radical cation in the vapor phase, and E° is the corresponding
energy gap in solution (reported in the same unit, eV, although
it is measured vs. an arbitrary standard, the potential of the
reference electrode employed), there is obviously a relationship
between the quantities. Because solution energies are different
for neutral species and ions, a quantitative interrelation of the
two would require much more knowledge of solution energies
than is presently available. Nevertheless, the relationship be-
tween /, and £° has been investigated, most ambitiously by Miller
and co-workers.’2® A plot of ionization potentials against
haifwave potentials yielded a linear correlation, Ey;» = 0.92
(IP)-6.20 V, r = 0.92. One of the present authors (S.F.N.) at-
tempted a more extensive correlation and plotted Watanabe’s
I, values (Table VI) vs. Mann’s E, values (Table Il) which yielded
E, = 0.38/; — 2.11, r = 0.87, in poor agreement with Miller’s
correlation for other compounds. Lack of agreement is to be
expected for attempting to utilize kinetically influenced E, values
to measure thermodynamically significant E° values. It seems
likely that kinetic shifts and differential solvation effects affect
the E, values significantly.

Straight lines were observed in correlations of aliphatic amine
E, values with Taft’s inductive parameter ¢* both in acetonitrile
(B, = 0.78 + Z¢*)38 and in water.”"® Arylmethyldimethylamine
E, values were observed to correlate with Hammett ¢ param-
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eters38.119 (5 = —0.94)1"9 and the pK; of the amine38.119 (y =
0.82).11°

b. Rates of Oxidation

Studies of alkylamine oxidation rates have been carried out
principally by Rosenblatt’s group using chlorine dioxide in water
or acetonitrile®4-4° and other oxidants®232 and by that of Lindsay
Smith, using potassium ferricyanide in basic 30% metha-
nol?6:29.30 (see section IV). The observed rate constants have
been found to correlate with the pK, of the amines, o (for aryl-
methyl dimethylamines), ¢*,2%° I,, and E° of the oxidizing
agent.® For arylmethyl- and triarylmethylamine reactions with
ferricyanide, p = —0.99, r = 0.99;25° with chlorine dioxide, p
= —0.92, r = 0.81.3% These p values are similar to the corre-
sponding correlations of £, in anodic oxidations®8:11® implying
electron transfer in the rate-controlling step. This conclusion is
supported by isotope effect studies, where k. /kp is only 1.04
for CD3N-n-Bu,2® (see ref 119 for similar studies). Brgnsted plots
for aliphatic amine oxidation tend to separate into different lines
for primary, secondary, and tertiary amines, 38

Hydrogen abstraction has been shown3¢ to compete with
electron transfer as the rate-controlling step for chlorine dioxide
oxidation of benzylamine derivatives, being more important for
benzylamine (73% H abstraction) than for dibenzylamine (35%),
and unimportant in tertiary amines. A late transition state for the
electron-transfer reaction with trialkylamines, in which con-
siderable flattening at nitrogen has occurred, is inferred from
the relative rates of cyclic and bicyclic amines.?® Systematic
studies of the rate decrease associated with introduction of a
second nitrogen or oxygen function in the molecule have recently
appeared.®° Beileryan and co-workers have correlated aliphatic
amine oxidations by potassium persulfate,'4¢ benzoyl perox-
ide, 146,747 and dicyclohexyl peroxydicarbonate’#8 with ionization
potentials although only abstracts of these works were available
to the present authors.

4. Factors Contributing to Aminium Radical Lifetimes

Even tertiary amine radical cations (A™-) are only short-lived
intermediates in amine oxidations, because deprotonation at the
a-carbon leads to a-aminoalkyl radicals (B+) (eq 12). Because
B- is expected to be far more easily oxidized than the parent
amine (E°g is negative of E°,; although no E°g values are
known, the difference is well over 0.7 V in the isoelectronic
trialkylhydrazine, trialkylhydrazyl comparison#®), formation of
B- under conditions which oxidize A leads to very rapid con-
version to B*,

The lifetime of A*- is thus expected to be principally controlled
by its rate of deprotonation. Although A*- has an appreciable
lifetime in strongly acidic solution, under the conditions of cyclic
voltammetry experiments, simple trialkylamine cations do not
exist for even the few milliseconds required for observation of
areduction wave in the reverse sweep. When the charge density
at nitrogen is decreased by delocalization and there are at least

"two nitrogens to share the charge, lifetimes become appreciable,

as seen in Table IV.

Because B- has a three-electron 7 bond,4? twisting about the
RoN-CR', bond should be difficult, leading to a Bredt’s rule type
of destabilization in bicyclic systems, and presumably a de-
creased rate of deprotonation as a consequence. It appears that
this effect has importance in determining the lifetime of Dabco™*,
because the next higher homologue, 1,5-diazabicyélo[3.2.2]-
nonane, 30, which has nearly two-thirds of the through-bond
interaction of Dabcot-144 and a comparable E, (Table V), shows
no trace of a reduction wave in its cyclic voltammogram, even
at low temperature.50 Rosenblatt and co-workers have shown
that Dabco™*. decomposes by C-C bond cleavage instead of
deprotonation.37:52 The tetraamine 25%: also appears to de-
compose by C-C cleavage, because deuteration of all of the
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TABLE VIl. Absolute Rate Constants for Aminium Radical Reactions
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Rate Constant Solvent Ref

2(CH3),NH-* — products 53X 108 M~ 11 1.24 M H,804/HOAC 190
4.0X 105 M~ 151 5.0 MH,80,4/CF3CO3H 190

2{ N — products 21X 104 M1 s™1 1.3 M HS04/HOAC 190
1.7 X 103M~ 157! 3.0 M H,S0,4/CF3COoH 190

2( ;NT—-—H —+ products ~7.7X 104M" 114 H20, pH 2 100
8.06 X 103M~1s~12 H20, pH 2 100

{ N—H+CH0H — NH, + GH,OH 26X 103M~ 1518 H,0 100
24X 103M~ 15710 H,O 100

{ :N*—H+ZOS—»< N‘ﬁ2+.loi 5X 104M~ 15! H,0 100
< >N"—H . @_, < :NF'_O 2.0X 107 M-1g1 @ H,0 100
24X 107M~1g71 0 H,O 100

Dabco* + CIO, — products 1.31 X 104 M~ 1 s~ 1 H,0 40

2 Radicals generated from corresponding chloramine, ? Radicals generated from corresponding nitrosoamine.

NCH,N positions does not increase the lifetime of the dication,
and an easily detectable primary isotope effect would be ex-
pected if deprotonation were the slow step in the decomposition.
Species 24*- does not deprotonate rapidly even under slightly
basic conditions, but has a distinctly longer lifetime at a pH of
2.734 Elimination of overlap between the spin-bearing orbital on
nitrogen and the C,~H bonds by making the latter bridgehead
as in a bicyclo[3.3.1]nonyl system makes even a monoamine
radical cation persistent; 26 (Table lll) has a lifetime of over 2
h at room temperature, but 32, which possesses a C,~H bond
which can overlap, has a lifetime under 10 ms at —60 °C.1323

IV. Chemical Reactions Involving Nonaromatic
Aminium Radicals

A. Acid—-Base Reactions

Except for electron transfer, the gain or loss of a proton is the
most fundamental bimolecular reaction that a compound can
undergo. Aminium radicals are the conjugate acids of neutral
amino radicals and the acidities of several aminium radicals have
been measured. Fessenden and Neta'?® have determined the
pKa of (CH3),NHt as 7.0 £ 0.5 (eq 25) which compares with a

(CHg),—N<D + H* == (CHgh,—N—H (25)

)

(CHgly—NH + H* === (CHgy—NH,  (26)

value of 10.7 for (CHg),NH, ™ (eq 26). Ignoring effects of solvation
differences, the greater acidity of the aminium radical can be
attributed to the greater amount of s character in the lone-pair
orbital of (CH3),N (approximately sp? hybridized) as compared
to the more basic lone pair orbital in (CH3),NH (approximately
sp® hybridized). The pK,s for NHz* (6.7 £ 0.2 vs. 9.24 for NH,*),
HONH,* (4.2 + 0.1 vs. 6.1 for HONHg*), and CH3ONH,* (2.9
+ 0.2 vs. 4.6 for CH;ONH,™) exhibit similar effects. 102

in contrast, the pKj, of 7.0 observed8® for the anilinium rad-
ical, CgHsNH,*- is considerably higher than the pK, of 4.6 for
protonated aniline, CgHsNHs*. The basicity of the anilinium
radical is seen to be very comparable to that of (CHz),NH™ re-
flecting the approximately sp? hybrid character of the N-H bonds
in both species. The low basicity of aniline results from the de-
localization of the lone-pair electrons and the loss in resonance
stabilization upon protonation.

B. Kinetic Behavior

As is the case for many transient intermediates, there are
relatively few absolute rate constants reported for nonaromatic
aminium radicals. In order to unambiguously observe the kinetics
of aminium radical reactions these radicals should be generated
in a non-steady-state by flash photolysis or pulsed kinetic ESR
spectroscopy. Available rate constants for the self-reaction,
hydrogen abstraction, and addition reactions of nonaromatic
aminium radicals are summarized in Table VII.

Malatesta and Ingold have studied chloramine photolysis by
kinetic ESR spectroscopy’® and have shown that dimethyl-
aminium and 2,2,6,6-tetramethylpiperidinium radicals generated
in highly acidic media, e.g., 1-6 M H,SO, in AcOH or trifluo-
roacetic acid, exhibit clean second-order decay kinetics; the
bimolecular rate constants decrease with increasing solvent
acidity and can be linearly correlated with H, (Hammett acidity
scale) but are independent of solvent viscosity. Conceivably the
reaction mechanism of aminium radicals changes in a high
acidity region. The bimolecular decay of aminium radicals,
however, poses some problem for a mechanistic interpretation
and points to the need of further work. Regardless of mechanistic
interpretation, aminium radical reactivity is slightly reduced at
higher acidity, e.g., (CH3)2NH+ decay rate constants decrease
from 108 to 105 M~ s~ during H, changes from —3 to —9.
Variation of aminium radical reactivity as a function of the acidity
of media has been suggested in the chlorine dioxide dealkylation
of trialkylamines®’ and also can be gleaned from the studies of
metal ion catalyzed decomposition of amine oxides (eq 27),82:1°"
in low acid or neutral media rapid loss of an a-hydrogen domi-
nates the pathway (eq 27b).

oH NH(CH,),
k/\/ﬁH(CHs)z * Y\/ (27a)

OH
50% HZSO4TFe2*
T_
CiHg—N—(CHy),
05N H,S0, l Fe2*
CH,==0 + C,HgNHCH,

37%

The radicals generated by flash photolysis of A~chloro- and
N-nitrosopiperidine®9-100 at pH 2, gave the same absorption
spectrum and were not affected by oxygen, suggesting piperi-

(27b)
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dinium radicals were common to both experiments. The ob-
served first-order kinetics of the decay of the piperidinium radical
were independent of the concentration of substrates, but the rate
constants were slightly different depending on the counter rad-
icals (NO and -Cl) which served as hydrogen atom accep-
tors.

The observed rate constants for hydrogen abstraction by
nonaromatic aminium radicals allow several interesting com-
parisons with other radicals. Although not determined directly,
Malatesta and Ingold'®° have calculated that (CH3)NH* abstracts
hydrogen from decanoic acid at a rate (2.4-3.2) X 102M~ 7 g™
which may be compared with the data for the piperidinium radical
(Table V). The unhindered (CHz),NH, therefore, is about as
reactive as the methyl radical in hydrogen abstractions; it is much
more reactive than alkylperoxy or 2,2,6,6-tetramethylpiperidyl
and much less reactive than tert-butoxy.'®° The reaction of
Dabcot- with CIO, (last entry, Table VII) is discussed in more
detail in section IV.C.2.

Kinetic profiles as shown in Table VIl are very useful infor-
mation in designing reaction conditions for syntheses. For ex-
ample, piperidinium radical addition to cyclohexene is about
5000 times faster than its hydrogen abstraction from methanol;
the latter can be used as solvent in nitrosamine photoaddition.
‘No doubt the rate constants of the competing aminium radical
reactions vary depending on structures, conditions, and sub-
strates that eventually decide the pattern of the final prod-
ucts.

C. Amine Oxidations: Pathways, Mechanisms,
and Kinetics

1. Open-Chain Amines

Horner’s amine oxidation studies,246:47.50.54.65 carried out
largely on dialkylanilines, were the forerunners of the work on
aliphatic amines. Conclusive demonstrations of aminium radical
intermediates and their properties in nonaromatic amine oxi-
dations awaited the felicitous choice of reactants and experi-
mental conditions. These, it would appear, are surprisingly
limited. The most important requirement was for stable UV or
visible light-absorbing true one-electron oxidants of reasonable
reactivity; the reduced forms of these would also have to be
stable and to exhibit changed UV-visible spectra. The most
popular oxidizing agents, Mn(VIl) and Cr(VI1), were not well suited
for such investigations, in that Mn(VI) and Cr(V) are unstable
species. Ferric phenanthroline complexes demonstrated de-
composition problems,?2 and the reduction of octacyanomol-
ybdate(V)32 could not be measured directly by spectroscopy.
Only two oxidants appear to have met the basic criteria: chlorine
dioxide and ferricyanide ion.

Chlorine dioxide*! is a useful, easily measured (Amax 357 nm)
amine oxidant at pH 5-9 in cold aqueous solution. It is so reactive
that kinetic measurements can be conveniently made under
pseudo-first-order conditions in which the amines are in excess,
but largely tied up as the unreactive water-soluble protonated
species. Reaction times can be prolonged or diminished by in-
creasing or decreasing the pH, thereby increasing or decreasing
free amine concentration.

The other well-studied, one-electron oxidant is ferricyanide
ion, with an absorption maximum at 420 nm.2%2:32 Unlike many
other complexed metal ions, neither the oxidized (ferricyanide)
nor the reduced (ferrocyanide) form easily loses its ligands.
Ferricyanide ion is less reactive by a factor of over a miilion than
chlorine dioxide with nonaromatic amines 2603235 This has
necessitated the conduct of most experiments under conditions
in which the amines are predominantly in the unprotonated form,
namely at pH levels above 12. To dissolve the required con-
centrations of the amines, it has usually been necessary to
employ mixed organic-aqueous solvents, such as tert-butyl-
amine—water2@ or methanol-water,27:29.30
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a. Reaction Pathways

Among open-chain aliphatic and arylalkyl monoamines, the
order of reactivity with chlorine dioxide®® and ferricyanide ion28e
is tertiary > secondary > primary.3% This is to be expected for
electron transfer from nitrogen, since the alkyl groups are
electron-donating inductive substituents.2® Reaction with primary
amines is generally so slow®5 that nearly all investigations have
been carried out with tertiary and (less frequently) secondary
amines. What little has been done on primary amines suggests
the importance of parallel hydrogen-abstraction path-
ways 33,36

In oxidation of open-chain aliphatic or arylalkylamines in-
volving aminium radical intermediates, the general pathway
appears to be as shown by eq 28-30,28.29.85.36 |t may be noted

H H
. k +o
oxn* + RQN—J:R’2 B, Oxn* + RZN—JZR’Q (28)
A A+
o Kag X "y .
A+ 2 RN—CR’, + H (29)

B-
B- + Ox"* —> Oxt-1* + R,N==CR,

Cc
H,0 hydrolysis
products )

that this is the same sequence as postulated for electrochemical
oxidation (cf. eq 12) and that the two oxidation steps are sepa-
rated by the loss of a proton. With benzoyl peroxide as the oxi-
dant, the aminium radical (A*-) is believed to be formed by a
bond-breaking process (see section Il, eq 3 and 4). According
to Horner and Kirmse,54 the reaction following deprotonation in
an aroyl peroxide oxidation is a coupling of the relevant radicals
leading to a carbinolamine derivative (D) (eq 31) instead of a
second oxidation to an iminium ion (C). The controlling feature
is whether oxidation or coupling of the radicals is faster.

R,;N—CR,
oxn* — | (31)
Oxn+

B +

D

The oxidation of amines in benzene with 1-chlorobenzotria-
zole has been formulated as a more complicated variant of the
same mechanism.43

Great care must be taken to distinguish between mechanisms
such as the foregoing and hydrogen abstractions that do not
occur by way of aminium radicals. Thus, in parallel reactions with
chlorine dioxide, dibenzylamine underwent 35% hydrogen ab-
straction and 65 % electron transfer.3¢ Moreover, it would appear
that the permanganate oxidation of trimethylamine proceeds
entirely through electron transfer,3® whereas the same oxidant
acts on benzylamine predominatly by hydrogen (or hydride) .
abstraction.®

The overall stoichiometry in steps 28-30 is as shown in eq
32; thus, the stoichiometric ratio of amine to oxidant is 1:2,
provided the amine is in good excess,26a.b.34

H
R;N—CR’, + 20x"*
—> RN==CR’, + 20x""* + H* (32)

b. Mechanisms in the Oxidation of Open-Chain Amines
In demonstrating the validity of steps 28-30, it was most
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crucial to establish the intermediacy of the cation radical A*-,
If only one mechanism is operative, the first-order dependency
on the one-electron oxidant,26ab:34-36 forceg the choice of either
a neutral free radical intermediate (by hydrogen abstraction) or
the cation radical. Several lines of evidence indicated that the
aminium radical is the dominant first-step oxidation product in
most cases. (1) Kinetic isotope effects were secondary, rather
than primary for chlorine dioxide,3¢ ferricyanide,?® and per-
manganate®® oxidations of a-deuterated tertiary amines. (2)
Demethylation was favored over debenzylation of dimethyl-
benzylamines by chlorine dioxide,3S although preferential phenyl
activation of the o carbon should be observed in the case of
hydrogen abstraction. (3) Whereas the rate-determining steps
for ferricyanide oxidation of N-methyldi-n-butylamine and A-
deuteriomethyldi-n-butylamine proceed at practically the same
rate, the product-determining rate constant for the hydrogenated
methyl was 3.6 times that for the deuterated methyl.2° Were the
product-determining steps in the hydrogen-transfer mechanism
to differ by such a large factor, this would be reflected in sub-
stantially different observed reaction rates for the labeled and
unlabeled compounds. (4) The existence of two mechanisms
(one retarded by added chlorite ion, the other not) for chlorine
dioxide oxidation of benzyl-tert-butylamine indicated an instance
where both hydrogen and electron abstraction must be in-
ferred.3® (5) The reversibility of chlorine dioxide oxidations35:36
and of low-pH ferricyanide oxidation®2 by chlorite ion and fer-
rocyanide ion, respectively, can best be rationalized in terms
of electron transfer. (6) Both cationic salt effects and the large
negative Taft p* values (<—5) seen for chlorine dioxide and
ferricyanide oxidations of tertiary amines suggested electron
transfer with the development of a high degree of positive charge
in the transition state.22® The linear trend between enthalpy and
entropy of activation for ferricyanide oxidation of the tertiary
amines studied by Audeh and Lindsay Smith,2%2 and the linearity
of their Taft plots,26® indicated that these oxidations all occur
by the same mechanisms, which the preponderance of evidence
showed to be electron transfer.

Reaction 29, loss of a proton to form a neutral free radical,
ordinarily represents a better alternative than immediate oxi-
dation of the positively charged aminium radical by an electro-
philic reagent, i.e., eq 33. Moreover, reaction 33a would require

H
2+
! R,;N—CR’, + Ox"™V*  (33a)
RyN—CR’, + Ox7*
R;N==CR’, + HOX™*  (33b)

imposition of a double positive charge on an isolated nitrogen.
A stronger argument against reaction 33 comes from consid-
eration of the first-order oxidations by chlorine dioxide®® as well
as low-pH ferricyanide oxidation.32 In these cases, the reduced
form of the oxidant retards reaction through reversal of the first
step.

Lindsay Smith and co-workers2%:2? have accepted reaction
29 for high-pH ferricyanide oxidations of tertiary amines. Here
the rate-limiting reaction is reaction 28, since the rate is unaf-
fected by added ferrocyanide, hence irreversible.252 Thus, the
kinetic evidence for an intervening proton loss cannot be invoked
for the ferricyanide reactions, but reaction 29 still represents
a reasonable hypothesis for these reactions.

For an unsymmetrical tertiary amine, the dealkylation pattern
seen in the ultimate products represents proton loss from one
alky! group or another. With chlorine dioxide as the oxidant, the
loss appeared to be statistical®® and the overall reaction rate was
essentially unaffected by pH. In contrast, proton loss patterns
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in ferricyanide oxidations were shown to depend on the relative
acidities of the respective o hydrogen in the aminium radi-
calg.26a.b

Product distribution, as indicated above, was greatly affected
by deuteration of the methyl group of N-methyldi-n-butylamine;2®
the ratio of methyl oxidation to butyl oxidation was 3.1:1 in the
protonated compound and 0.86:1 in the deuterated compound.
The oxidation of intermediate B- to C (eq 30) was demonstrated
convincingly by Audeh and Lindsay Smith28¢ through the cycli-
zation of certain amino alcohols, albeit in low yield (e.g., eq
34).

HO HO
ferricyanide
—_—
HO xHO
: ferricyanide ’ )
— —
" N N
O
- C@ (34)

The formation of a carbinolamine, either from product C or
D in eq 30 and 31, respectively, was inferred from the formation
of the corresponding amide by further oxidation when ferricya-
nide was in excess.?%2 Corresponding conditions of excess
oxidant were not explored with chlorine dioxide.

Hydrolysis of iminium ions (C) or of carbinolamines obtained
by oxidizing tertiary amines normally produces the expected
secondary amines and carbonyl compounds, e.g., eq 35.

+ H,O
(CH5),N=CCH; —=> (C,Hs),;NH + CHsCHO + H* (35)

H

Although an iminium ion from oxidation of a secondary amine,
for example, RNtTH=CCH,, can dissociate to give the imine,
the latter is also subject to hydrolysis. Carbinolamines and imines
may be hydrolytically stable, however, when incorporated into
rings of proper structure.

c. Kinetics of Open-Chain Amine Oxidations

Table VIl presents some typical values for kyg in chlorine
dioxide oxidations of open-chain amines.?%2.36 Changes in re-
action conditions from one publication to the next make it difficult
to compare ferricyanide oxidation data. Thus, the rate constant
for N-methyldi-sec-butylamine at 30 °C in tert-butylamine—water
(32:68) and 0.5 N sodium hydroxide?%@ is 0.23 M~? s™; in
methanol-water (30:70) containing 0.25 N potassium hydroxide
and 1 M cesium chloride,?5® the value is 0.53 M~ s~ . Cation
effects can be rather large, as shown in Table IX. In addition, the
degree of substitution on the nitrogen center affects the rate of
oxidation. In the pH range 7.5-8.0, the values of k,g for potas-
sium permanganate at 25 °C were 46 M~ s~ for triethylamine,
1.4 M~ s for diethylamine and 0.12 M~ s~ for ethylamine.33
These values may be compared with the electrochemical data
in Table 1.

The inductive effects of substituents near the tertiary amine
nitrogen have been explored for oxidations with ferricyanide ion
by Lindsay Smith and Mead.3¢

2. Oxidative Fragmentation Reactions

Chlorine dioxide was shown37 to cleave a number of bifunc-
tional amines of the structural type E according to the general
pathway shown by eq 36.
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TABLE VIl Selected Electron Abstraction Rate Constants ( k2g) for Reactlons of Open-Chaln Amines with Aqueous Chiorine Dioxide

Amine pKa M~ 1s™? Temp, °C pH Ref
Triethylamine 10.78 1.1 X 105 26.5 7.14 36
Trimethylamine 9.92 5.0 X 104 25.2 7.20 36
Benzyldimethylamine 9.03 1.4 X 104 27.0¢ b 35
p-Methoxybenzyldimethylamine 9.32 2.5 X 104 27.02 b 35
p-Nitrobenzyldimethylamine 8.14 2,2 X 108 27.0@ b 35
Diisopropylamine 11.01 1.8 X 102 25.0 8.93 36
Dibenzylamine 8.43 27X 10 40.7 7.08 36
Diethylamine 11.0 1X 103 26.5 7.14 34
Benzylamine 9.60 56X 1073 25.0 8.96 36

2 Temperature measured in cell compartment. ® Various pH values.

TABLE IX. Catlon Effects on the Ferricyanide Oxidation of N-MethyldI-
sec-butylamine at 25 °C2.>

kzc, kZCy
Base M~1s~1X 10 Salt M~1s1X 10
LiOH 1.6 KCl 8.6
NaOH 1.5 RbCI 14.2
KOH 8.6 CsCl 30.6

21,8 X 1073 M K3Fe(CN)g; 1.8 X 1072 M amine; 0.5 M salt or base in
tert-butylamine—water (32:68). © Reference 26a. © The value of k; is for
the rate equation —d[{amine]/dt = k,[{amine]{ferricyanide].

AN
N—C—C—X
/
|
E
2CI0, + - N + _
—C + C=X + 2Cl 36
TN T ;" ©8)
leo
hydrolysis products
Thus

2CIO.
HMNCH,CH,OH —> NH, + 2CH,==0, etc. (37)

|
N
2CIO,
E&j —_— [ j + 2CH,=0, etc. (38)
“ |
H

Reactions 37 and 38 also occur with hypochlorous acid, but the
cation radical need not always be an intermediate. With the
exception of the oxidation of Dabco,3940:57 these reactions have
not been thoroughly investigated, and even the reaction orders
are not known. Interestingly, the kinetics of oxidation of
triethanolamine with alkaline ferricyanide®! showed first-order
dependency on each reagent and the expected fragmentation
products (eq 39):

N(CH,CH,0H); + 6Fe(CN)g®~ + 60H™ — 6HCHO
+ NHg + 3H,0 + 6Fe(CN)s*~  (39)

The authors®? cited failure to catalyze vinyl polymerization to
rule out a free-radical mechanism, but that criterion is probably
not valid; chlorine dioxide-triethylamine mixtures, which certainly
generate aminium radicals, do not initiate acrylonitrile poly-
merization even though hypochlorite-triethylamine mixtures are
able to do s0.34

The reaction kinetics of Dabco with chlorine dioxide at 25 °C

proved especially amenable to examination, and this system has
been studied in detail.#® The reaction proceeds as shown by eq
40-43, and the following rate constants were determined: k49
=4.05X 10°M~ 1871, k_go = 4.57 X 105M~1s™", kg3 = 1.31
X 104 M~ 15~ ", The value for k4 is nearly 50 times as great as
would be predicted from the Taft 5* value for Dabco.38:40

NZ2NY Kag I N\, -
NNUN: + ClO, - NNUN! + CIO, (40)

(slow step) k44

NNN + 010, ———— NN @1)
A 7

fN/ }If fragmentation H C=ltl/ \I:I=CH 40
/\/ —_—— 2 2 ( )

H20=N+/_\r§=CH2

Ho /T \
—— HN  NH + 2CH,==0 + 2H* (43)
—/

The value of k4, for the oxidation of Dabco by ferricyanide2°-20
in methanol-water (30:70) and 0.5 M potassium hydroxide is 3.53
X 1074 M~ s, The mechanism and products of this reaction
were not determined. Presumably the reaction kinetics were first
order.

The oxidation of Dabco by hypochlorous acid has also been
studied in considerable detail by Rosenblatt and co-workers.3:51
At least two distinct mechanisms were considered, one involving
80% product formation via a heterolytic (two-electron change)
pathway and only 20% via homolysis. In the less favored
mechanism all product formation occurred through the hetero-
lytic route.

It is important to note that steric and resonance effects
strongly influence the choice and relative importance of
mechanisms available for Dabco oxidation. Thus, the interme-
diate 33, analogous to intermediates formed in the oxidation of

' .
+N<\/N.
33

open-chain aliphatic amines, is forbidden according to Bredt’s
rule,® whereas the stability of the Dabco radical cation is en-
hanced by delocalization of the odd electron.®® If homolysis to
produce aminium and chiorine radical plays such a minor role
in the hypochlorous acid oxidation of Dabco, where the aminium
radical has enhanced stability, it should play an even smalier part
in the corresponding reaction of open-chain aliphatic amines.

The difference between the ease of oxidation of quinuclidine
and open-chain amines as discussed in section Ill.B has also
been observed in the reaction of that compound with nitrous
acid’® (not via an aminium radical) and with ferricyanide ion.?°
Lindsay Smith and Mead?® have studied the reaction of the latter
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oxidizing agent with quinuclidine and observed a very slow rate
which they attributed as due to the inability of the bridgehead
aminium radical to assume a planar configuration. This con-
clusion is supported by the ESR results reported in section
LA,

Although these authors measured reaction rates, they did not
identify the reaction products. It may well be that the very slow
reaction of quinuclidine with ferricyanide ion gives an unusual
product, as is observed in the slow reaction of quinuclidine with
chlorine dioxide. In the latter example,’92 the isolated organic
product is the N-oxide; chlorate and chloride ions are formed
and only a small amount of chlorite ion is to be seen.

In contrast to the low reactivity of quinuclidine with oxidizing
agents, the compound with one more methylene group in each
bridge, namely, 1-azabicyclo[3.3.3]Jundecane (27), was ex-
tremely susceptible to oxidation, being 3.5 million times as re-
active with ferricyanide as quinuclidine.'®® Here, obviously, the
assumption of a planar configuration around the nitrogen is en-
ergetically preferred relieving angular strain as discussed in
sections IllLA and IIl.B. Even in the monocyclic series, N-
methylpiperidine, N-methylhexamethylenimine, and N-methyl-
heptamethylenimine, the rate constants increased dramatical-
ly,2® in the ratio 1:420:1072. Lindsay Smith and Mead?®:30 have
discussed various examples among cyclic amines that illustrate
the interaction of steric, inductive, and field effects on the re-
activity of amines with ferricyanide ion.

This area of investigation is far from exhausted. Much remains

“to be done with chlorine dioxide to parallel the most recent re-
sults with ferricyanide ion.

D. Hydrogen Atom Abstractions
1. Intramolecular Reactions

The highly stereospecific hydrogen abstraction by aminium
radical is the key step in the intramolecular functionalization at
the 5-position (from the radical center) and, in turn, a simple and
efficient synthesis of pyrrolidine derivatives in the Hofmann—
Loffler reaction (eq 44). Not only N-chlorodialkylamines but

(N 22 () = 1)
R |

NH NHR "NH,R
Cl
— Ho" Q (44)
ol NH,R \R

N-bromodialkylamines® and N-chloromonoalkylamines!®4 are
also used for the rearrangement. This reaction has been re-
viewed three times®-8 in recent years in addition to the original
review by Wolff5 and the details will not be covered. This process
also occurs with the aminium radicals generated by other
methods such as nitrosamine photolysis 952 or ferrous ion cat-
alyzed decomposition of amine oxides2%2 provided other fast
reaction pathways do not supersede.

While selectivity of functionalizing 5-positions seems to be
overwhelming, there are some scattered examples of func-
tionalization at 6-positions; in the Hofmann-Loffler reaction, for
example, rearrangement of N-chloromethylhexylamine gave
2% of N,2-dimethylpiperidine’! while N-chloromethyl-5-
phenylpentylamine gave 26 % of methyl-5-phenyl-5-hydroxy-
pentylamine'®5° in addition to the expected pyrrolidine deriva-
tives (see Table X).

Some pertinent examples of the Hofmann-Loffler reaction
are summarized in Table X. The scattered examples of func-
tionalization at the 8-positions (no. 2 and 3) might be explained

Chemical Reviews, 1978, Vol. 78, No. 3 259

as abstraction of w-1 hydrogens® and preferred benzylic hy-
drogen abstraction by intermolecular rather than genuine in-
tramolecular processes. Metal ion catalyzed N-chlorodimeth-
ylamine decomposition in the presence of hexylamines produced
only 2-methylpiperidine derivatives in 60-65% yield.% These
arise from the intermolecular (w-1) functionalization by the di-
methylaminium radical (see section 1V.D.2). Aminium radicals
also show preferential hydrogen abstraction’" in the order of
tertiary > secondary > primary provided no serious steric strain
or hindrance are involved.

Application of the Hofmann-Loffler-type cyclization finds
many elegant pyrrolidine derivative syntheses in natural product
chemistry; among them are nicotine from A-bromo- N-methyl-
1-(3'-pyridyl)butylamine2°° and conanine derivatives from certain
20-methylamino steroids.2°" More recently,2%2 the stereoisomers
of meroquinine (3-vinyl-4-piperidineacetic acid), which is a
biogenetic precursor of quinine and quinidine, were also syn-
thesized by the same principle in good yields (eq 45).

Cl H
N N
LI
CHj
(@]
0,CHg CO,CH,4
H
N
several (45)
steps P

CO,CH3

The factors contributing to a successful Hofmann-Loffler
reaction are somewhat difficult to define owing to the fact that
crude chloramines are generally used for reaction without pu-
rification. Careful exclusion of chlorine, high acidity of the re-
action media, utilization of light or an initiator to speed up the
radical pathways, and exclusion of inhibitors such as oxygen may
eliminate various dark reactions to give higher yields of the de-
sired products.871

2. Intermolecular Reactions

Intermolecular hydrogen abstraction by aminium radicals is
generally investigated by decomposition of haloamines®0.203-213a
in highly acidic media, e.g., 20-100% H,S0,, in the presence
of a suitable substrate (S—H), though recently amine oxides and
hydroxylamine®® have also been used. While haloamine de-
composition gives the halogenated products according to the
radical chain mechanism similar to the Hofmann-Loffler reac-
tion

S—H 4 RoNH*+ — RoNH,* + S- (46)
S-H + Cl- — 8- + HCI (47)

S+ + RyNHCI* (or Cly) = SCI + RoNH* (or Cl-)  (48)
S- + Fe3+ — S+ + Fe2* (49)

S+ + CF3CO,H — S-OCOCF; + H* (50)

in the latter cases the C-radical intermediate is oxidized by ferric
ion to the carbonium ion followed by combination with an
available nucleophile,83:190 e g,, trifluoroacetic acid used as
solvent (eq 49 and 50). Overall, the net result is oxidation me-
diated by an aminium radical chain carrier. While ferrous ion is
the usual catalyst, initiation of the radical chain reaction also
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TABLE X, Representative Examples of Hofmann-Léffler Reactlon
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Haloamines Product Yield, % Solvent Conditlon Ref
GQHQ\ CH,
1. /NCI N 35 HaSO4 A, 95° 71
CsHyy C4Hg
CH, - CaHs
2. Pl G/ 17 H2S04 hv, 0° 71
CeHyg \CH3
CH,
Q\l—_—CHS 2
CoHsCHas CHCeHs
3. NCI C( 43 4 MH,S0, hv, 20° 196
cHy” N AcOH
8 CH,
OIH
CeH=CHICH JsNHCH; 26
CeMra_ C2Hs
4 NCI 68 4 MH,S04 hy, 20° 196
+C4HS N\f_C4H9 AcOH
CHs
CH,
5. CsHiy —N—20C +N/CH3 >90 40% H2$O4 A, 80° 8
Hs \CH3
(CHy), (CHy),
6. /_—/l\/L ; TFA® hy 197
N— CH, N
| e
Cl
n=1and 2
CH,
Ve VN -~
7. N*CH, Y\/\NH\ 72 50% H,SO4 FeSO, 64
L L
OCH; .
8. oH 15 TFAS hy 198
3
N -
l o
Cl
i
O
9. As above 70 TFA® hy 198
CHj
T/
Cl
0 (]
10. [ | 30 TFAS hw 199
O N,
CHjy O LN—
& Trifluoroacetic acid.
TABLE XI, Oxidation/Halogenatlon of Aliphatic Compounds
No. Reagent? Product distribution® Conditlons ¢ Ref
1 CMA CH3 CH; CHo-CO2Me FeSO, 204
14 86
2 CMA CH3 CH» CH, CH,-COoMe FeSO,4 203-206
7 77 16
3 BMA CH3 CHz CH, CH-COoMe FeS04 207
12 81 6 0.5
4 CMA CH3 CH, CHz CH» CH,-COzMe FeSQy4 or 203, 204
6 87 6 0.7 CuCl 206-208
5 BMA CH3; CH, CHa CH, CHo-CO2Me FeSO,4 207
7 87 6 04
6 CBA CH3 CH, CH, CH, CHo-COoMe FeSO4 209
7 80 3
7 CPA CH3 CH CH2 CH2 CHz—COQH FeSO4 91

183 6 0 0
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TABLE Xi (Continusd)

No. Reagent® Product distribution @ Conditions © Ref
8 CMA CH3 CH, CH; CH=CH-COMe FeSO4 208
8 47 45
9 CMA CH3 CHz CH, CH, CH, CH,-CO,Me FeSO4 203-206
4 80 15 1
10 BMA CHj3 CH, CH, CH, CH, CHp-CO2Me FeSO, 203
4 82 13 1
11 CBA CHgz CH» CH; CH, CH, CH,-CO,Me FeSO4 211
6 83 10 0.8
12 CPA CH3 CH, CH, CH, CH, CH, CH-CO2H FeSO4 91
18 14 5 0 0 0
13 CPA CH3 CHo—CH, CH, CHo—CH, CHo~CONH, FeSO, 91
8 59 11 13 8 2 0
14 CMA CHj3 CH, CH, CH, CHz GHp CHp CHp-COMe FeSO, 210
1.1 44 22 18 11 4 0.5
15 CBA CHg3 CHz CH, CH, CH, CHR(CH2)3-CO2Me FeSO, 204
1 568 19 13 7 2
16 CMA CH3 CHz CH; CH, CH, CH, CHa(CH3).-CO2H FeSO4 20
1 44 22 17 11 4 05
17 CMA 1 39 23 16 13 6 2 ACHN/hy 90
18 CPD 1 41 18 18 13 7 1 ACHN/hy 20
19 CMA CHj; CH, CH, CH, CH,-0AC ) FeSO4 209
6 88 6
20 CMA CH3 CH2 CH2 CH2(CH2)2—OAC FeSO4 209
3 79 16 2
21 CBA CHj3 CH, CH, CH(CHp),—-OAC FeSO4 209
4 85 10 08
22 CPA CHj3 CH; CH, CH,; CH,; CHo—-OMe FeSO4 91
8 92 0 0 O
23 CMA CH3 CH2 CH2 CH2 CH2 CH2—OMe FvESO4 209
4 8 12 1 01.0
24 BMA CH3 CH, CH, CH, CH; CH,—-OMe FeSO4 203
4 83 12 1
25 CH3z CH» CH, CH, CH,-OH 8
12 77 7 4 0
26 CPA CHg3 CHz CH, CH(CH,),-OH FeSO4 91
6 80 2 2 0
27 CPA CH3z CH2 CH» CH, CH, CHp(CHo)-OH FeSO4 91
05982 3 115 2 0
28 CH3 CH2—(CH2)4—NH2 FeSO4 196
>65%
29 CMA CH3 CH, CH, CH, Ci FeSO4 203-205
5 89 6
30 CMA 6 79 11 § AIBN/A 20
31 CPD 6 78 10 5 FeSQ,4 or 20
CuCl
32 CPD 6 78 10 5 ACHN/hy 90
33 BMA CH3 CH, CH, CH,-Cl FeSO4 90, 203
779 ¢ 4
34 CMA CH3 CH2 CH2 CH2 CHQ—CI FeSO, 204
4 77 16 3
35 CMA CH3 CH» CH, CH, CH, CH,-Cli FeSO4 203-205
2 73 20 4 1
36 CPA (CH3—0H2)2-0H2 hy, 84% 214
4 74 22 HoS04 15°
37 CTP 6 85 9 TFA, hv 15° 214
38 CMA (CH3CH,CH,), CH, FeSO4 203, 210
156 29 14
39 BMA 1 50 33 16 FeSO4 203
40 EtsNO CH3 CH, CH, CH, CH, CH, CH, CH,-0O CO CF;3 FeSQy4, TFA, 63
072 2 5§ 1 0 0 70°
41 Et,NOH CHz CH, CH, CH, CH, CH, CH, CH,-0 CO CF3 FeSQy, TFA, 63
0 58 31 9 2 0 O 70°
42 EtsNO CHgz CHz CH, CHp(CH3), CH3 FeSQy4, TFA, 63
0 51 37 12 70°
43 Et,NOH CHgz CHz CH, CH(CH3), CH3 FeSOy4, TFA, 63
0 42 41 17 70°
44 EtsNO CHgz CHz CH, CH2(CH>), CH3 FeSOy4, TFA, 63
0 36 28 36 70°
45 Et,NOH CHj3 CH, CH, CH»(CH»)s CH3 FeSOQy4, TFA, 63
0 27 26 45 70°

& The reactions were run to various stages of completion: the yield calculated on the basis of conversion is generally in the range of 50-80%. ¥ CMA
= N-chlorodimethylamine; BMA = N-bromodimethylamine; CPA = N-chlorodiisopropylamine; CPD = N-chioropiperidine; CTP = N-chloro-2,2,6,6-te-
tramethylpiperidine; CBA = N-chlorodiisobutylamine. ¢ AIBN = azobisisobutyronitrile; ACHN = azobiscyclohexynitrile.
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TABLE Xii. Photolytic Chlorination with Chioramines at 15 °C. Relatlve Reactivity of Alkyl Hydrogen toward Aminium Radicals

Relative reactivity

Compound? Substrate C-1 C-2 C-3 C-4 Conditions Ref
1. CPA CH3(CH2)3CH3 1 28.0 17.0 84% H,S04 214
2.CTP CH3(CH,)3CH3 1 19.4 4.1 TFA 214
3.CTP CHa(CH,)3CHs 1 21.5 4.0 10% H,S04 214
4. CMA (CH3)2CHCH,CH3 1 3.1 2.9 1 30% HoS04 216
5. CPA (CH3),CHCH,CH3 0.5 0.2 6.2 1 TFA 214
6. CTP (CH3)>,CHCH,>CH3 0.4 0.0 2.8 1 TFA 214
7. CMA (CH3)3CCH,CH3 1 3.6 1 30% H,80, 216
8. CPA (CH3)3CCH,CH3 0.9 1.36 1 10% HpS04-TFA 214
9. CTP (CH3)3CCH,CH3 0.12 0.27 1 10% HoSO4-TFA 214

10. CTP (CH3)3CCH,CH3 0.08 0.37 1 TFA 214
11. CTB? {CH3)sCCH,CH; 1 2.1 1 30% H,S04 216
12. CMA (CH3)2CHCH(CH3)2 1 3.8 30% H,804 216

@ The abbreviations of chloramines follow those of Table Xi. 2 N-Chlorodi-tert-butylamine.

occurs by other metal ions (cuprous, titanous, cerous ions);?°
for N-chloroamines it also occurs by photolysis or thermolysis
in the presence or absence of initiators, such as azobisisobu-
tyronitrile and azobiscyclohexylnitrile (AIBN and ACHN).?% When
straight-chain aliphatic derivatives, e.g., esters, carboxylic acids,
alcohols, halides, or alkanes, are used as the substrates (S-H),
the oxidations show some outstanding features in comparison
to those using chlorine, bromine, or alkoxyl radical chain car-
riers.%9:205 As shown in Table X| these processes give (i) an
extremely high proportion (~90%) of monooxidation product
even if the reaction is run to near completion in some cases and
(i) high selectivity of oxidizing the so-called w-1 position.
Comparisons of these selectivities with those from photoinitiated
chlorine and bromine radical oxidation are remarkable.?0:205
Surprisingly, aliphatic hydrocarbons and halides, despite their
insolubility in these solvent systems, can be oxidized in heter-
ogeneous mixture with the observed selectivities.

The characteristic electrophilic nature of aminium radicals
is shown by their failure to abstract hydrogen next to carboxylic
acid or cyano (electron withdrawing, in general) groups. Addi-
tional evidence of the electrophilic character is given by the
relative reactivity of hydrogen abstraction from ring-substituted
toluenes (p value = —1.24 for piperidinium radical).?13%.¢

Intermolecular hydrogen abstraction by aminium radicals is
very sensitive to steric controls. N-Chlorodiisopropylamine (CPA)
gives better w-1 oxidation than N-chlorodimethylamine (CMA).
However, for the very bulky N-chlorodi-tert-butylamine and
N-chloro-2,2,6,6-tetramethylpiperidine (CTP), while the w-1is
still the most favored position, the w position appears to gain
more oxidation.214276 As shown in Table Xl the aminium radical
generated from the latter abstracts the primary hydrogen more
efficiently than the secondary which, in turn, is abstracted more
easily than the tertiary.?1428 Further, in accord with this steric
effect, trialkylaminium radicals (entries 40, 42, 44, Table Xl)
exhibit higher selectivity than the corresponding dialkylaminium
radicals (entries 41, 43, 45).68

The remarkable selectivity and clean products displayed by
aminium radical chain processes share some similarity with
enzymatic action in attacking a specific position near the end
of an aliphatic chain and has been alleged as an “enzyme
mimetic reaction”.2'4 in highly acidic media, sufficiently high
to protonate a substrate totally, the hydrogen abstraction natu-
rally favors an end position, remote from the protonated center,
because of electrostatic repulsion of the positive charges. In
addition to electrostatic and steric effects, it is believed that an
aliphatic chain is coiled in a foided conformation in polar envi-
ronments which also favors the observed selectivity.

Oxidation of cyclic alkanes by aminium radicals is another
interesting reaction. While cyclohexane,%%:212 norbornane, 5
and bicyclo[2.2.2]octane?' are oxidized to give high yields of
monofunctional derivatives at high conversions, adamantane

gives a high yield of 1,3-dichloroadamantane.?'S Selectivity in
monochlorination of polycyclic hydrocarbons as shown below
demonstrates the interesting controls of steric strains and hin-
drance on hydrogen abstraction by aminium radicals. While
monochlorination of adamantane by the aminium radical chain
process is cleanly selective for the bridgehead position, those
of norbornane and bicyclo[2.2.2] octane are inferior to selectivity
shown by -Cl and -CClj; radical chain processes.25

90%

4% 66%

34%

>99%

E. Addition to Olefins
1. Intermolecular Processes

One of the unique characteristics of aminium radicals is their
propensity to add to a carbon—carbon multiple bond in prefer-
ence to allylic hydrogen abstraction from olefins and acetylenes.
Their cationic nature renders them powerful electrophiles that,
however, can only undertake radical pathways. This property
is in sharp contrast to other types of radicals that tend to favor
hydrogen abstraction from olefins. The relative reactivity of the
piperidinium radical addition to para- and meta-substituted
styrenes has been correlated by a Hammett relation to be p =
—1.45 which is indeed the largest ever observed for radical
additions but not significantly large in comparison to p values
of electrophilic additions.2'7 This is interpreted to mean that
electrophilic interaction occurs at the ground state but not sig-
nificantly at the transition state.

Aminium radicals generated from nitrosamines,'’ chloram-
ines,”>78 and hydroxylamines’® all undergo radical chain addition
to olefins (Tables Xlll and XIV) and acetylenes (Table XV) to give
synthetically useful yields of 3-substituted amines (eq 51-53).

Ry>NX + H* —> R,;NH*" + X- (61)

R;NH*' + abC=Cde —> R;NH—C—C+ (52)

o—0O—m
a—Q—o
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a e a 5]
RNH—C—C' + X-RNX) —> R;NH—C—C—X

b d b d
(53)
X =Cl Br or NO

Depending on the reagent and conditions, the C-radical inter-
mediate may react differently; 1-amino-2-nitroso and 1-amino-
2-chloroalkanes are the observed products from nitrosamine?18
and chloramine?'® additions, respectively, though the former
generally undergo further reactions (vide infra). While nitrosa-
mine photoaddition is run in weakly acidic methanol solution (pH
1 ~ 3), chloramine addition is generally carried out in 4-6 M
H,SQ, in acetic acid. The reaction patterns exhibit some dissi-
milarity on account of the vast differences in the reaction
media.

Additions with hydroxylamine—metal ion mixtures are carried
out in solution ranging from neutral to concentrated H,SO,4 and
the C-radical intermediate may undertake the alternative pathway
of dimerization if there is no suitable radical donor.8? With va-
nadium ion as the catalyst, it is obvious that oxidation of the
C-radical also occurs followed by carbonium ion reaction, to give
an amino alcohol (eq 54).58 The oxidation process appears to

I a4+ I
R;NH—C—C+ “> RNH—C—

|
B RNH—C—C—OH (54)

+

depend on the ionization potentials and the nature of ligands.

Photoadditions of nitroamines’%72 and tetrazenes'7? to olefins
gave complex mixtures of products. The complexity of reactions
of the former is due to the ambident reactivity of the NO.- radical
and the latter to the lack of a good radical donor in the reaction
system since the photolysis generates two aminium radicals
without giving a counter radical. Under oxygen the photoreac-
tions occur without inhibition and give amino alochols in good
yields after reduction as shown in the addition to 1,5-cyclooc-
tadiene (eq 55b).

In the presence of oxygen, the photoaddition of nitrosamines
to cyclohexene is diverted to the formation of 1-amino-2-nitra-

N(CH3)2
— O/ (55a)
N, (CHa)

32% 12%
o H*

—_ 4+ (CHa),NN==NN(CH,)
02

N(CH3), N(CH3),
— NaBH, (55b)

OOCH OH

Cis: 46%

trans: 27%
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tocyclohexane in a nearly quantitative yield (eq 56).28" Evidently
oxygen, instead of quenching the photoexcited state of the ni-

N(CH
02 hy
+ (CH3)2NNO
OONO
N(CH
— C( (56)

ONO,

trosamine, scavenges the carbon-centered radical; the nitrate
is assumed to be formed via the pernitrite intermediate. During
ferrous ion catalyzed chloroamine addition, trapping of the C-
radical intermediates by oxygen (eq 57) and NO (eq 58) was also
demonstrated. 10.79.221

{ N—Cl + CgHsCH==CH,

Fe2*
¥

. + o
CeHsCH—CH,NCgHyo —> CgHsCHCH,NCsH,o  (57)

o—0r

H*lFez*

CGH5C”‘,CH2NC5H1O

NO

'

CeHsCHCHNCaH g —> C6H5T|ICH2NC5H1O (58)

NO NOH

In a highly acidic solvent, chloroamines add to norbornadiene
and cyclohexene extremely efficiently by ionic pathways, pre-
venting the photoinitiated radical addition from occurring to any
significant extent.222.223 |n contrast, the aminium radicals gen-
erated by the photolysis of nitroamines, nitrosamines, and 2-
tetrazenes add efficiently to these olefins (Table Xli).72.73.179.218
Furthermore, in contrast to the failure of nitrosamine photoad-
dition to vinyl ethers and esters and acrylic esters,2'7 chloram-
ines add efficiently to electronegatively substituted terminal
olefins224.225 (see Table XIV). This suggests that under more
highly acidic conditions aminium radicals are less likely to lose
their a-protons and, therefore, have longer lifetimes during which
to interact with the less active olefins.

The nitroso amino derivatives obtained as the primary pho-
toaddition products from nitrosamine addition generally undergo
various secondary reactions to give the final products;2'8 the
common and major ones are dimerization to give the anti dimers
of the C-nitroso compounds and tautomerization (if there is a
hydrogen geminal to the nitroso) to give oximes. In addition,
several other less common pathways are also operative under
certain specific conditions,226-228

While chloramine addition to conjugated dienes and acety-
lenes (Table XV) occurs spontaneously in H,SO4~AcOH sol-
vent,219.222 gnly photolysis can initiate nitrosamine addition to
acetylenes.?2® The primary addition products to acetylene are
protonated enamines which are rapidly hydrolyzed to a-substi-
tuted carbonyl derivatives (eq 59).219:229 The relatively low yields

RNX + RC==CH > R'C=CHNHR,
X
8O, RCHCHO (59)
X=NO or Ci X



TABLE XIll. Addition to Olefins by Aminium Radicals

No. Reagent? Olefin Condition Product? Yield Ref
1 NH,0OH = V2(SO4)a HOCH,CH,NH, 38 68
HO(CHz)4NH2 18
2 n-BuyNCl = hy (D-C4H9)2NCHQCHQC| 15 224
3 Et,NCI AN Fe(NH;)2(S04)2 (C2H5)2NCH,CHCICH; 42 224
4 EtQNC' == Fe(NH4)2(SO4)2 (02H5)2NCH20(C')‘=CH2 35 224
5 n-BupNCl == hy (n-C4Hg),NCH,C(Cly==CH, 44 224
6 -BuNHCI === hy t-C 4HgNHCH,C(Cly=CH, 41 225
7 Et2NCI AN Fe(NH4)2(SO4)2  (C2Hs)2NCHLCHCICHs 33 224
8 H-BUZNCI P FO(NH4)2(SO4)2 (n—C4H9)2NCH20HC'C2H5 16 224
9 NHOH e %4 TiCls 1,2,3,4-Tetramethyi- 12 68
tetramethylenediamine
CH3CH,CH(NH2)CH3 8
10 PNO e vd hy 2-Piperidino-3-butanone oxime 72 230
11 PND \_/ hy 2-Piperidino-3-butanone oxime 70 230
12 NH,OH ANF TiCls Diaminooctane 73 68, 231
13 MeNHOH Py TiCls N,N"-Dimethyloctadienes 39 68
14 EtQNC' FaYd FeSO4 or CuCl RQNCHQCH=CHCHQC|; R= Csz 79
15 n-BuzNCI P avd FeSO4 or CuCl R2NCHZCH=CHCH2C'; R = n-C4H3 79
16 M-Ci A TiCl3 R2NCH,CH=CHCH,CI; RN = 4- 79
morpholino
17 n-Bu,NCl ANAF RoNCH,CH=CHCH,CI; R = n-C4Hg 60 224
18 (D-C5H11)2NC' Py R2NCHQCH=CHCHQC|; R = D-C5H11 42 224
19 CsHs(CH2)4N(CI)CH3 PN CgHs(CH2)4N(CH3)CH,CH==CHCHj3 53 224
20 PNO ANAF hy 4-Piperidino-2-butenal oxime 57 232
1-Piperidinobut-3-en-2-one oxime 26
21 PNO AN hy 1-Piperidino-2-pentanone oxime 97 218
22 NH,0OH \/_-—/ FeCl, CH3CH(NH,)C(CI)CH3)2 12 81
23 NH,OH NN TiCls Diaminodecadienes 54 233
24 PNO K\/ hv 1-Piperidinopent-2- 72(cls)® 232
or en-4-one oxime 60(trans)
NS 1-Piperidinopent-3- 11(cis)
en-2-one oxime 26(trans)
4-Piperidino-2-hexenal 12(cls)
oxime 4(trans)
25 Et2NC| =_—< (02H5)2NCHQC(C|)=C(CH3)2 11 224
26 NH,0OH AN FeCl, NH2CH,CH(CI)C4Hg 32 81
27 NH,OH NN TiClg 2,3-Dibutyltetramethyl- 10 68
enediamines
28 NH,0SO3H NN FeCl, NH2CH,CH(C1)C4Hg 24 75
29 PCI P FeCl, PCH,CH(CI)C4Hs ® 62 79
30 PNO NN hy 1-Piperidino-2-hexanone oxime 57
31 PNO />< hy 1-Piperidino-3,3-dimethyl-2-butanone 17 226
oxime
1-Piperidino-3,3-dimethyl-2-(N-nitroso- 41
hydroxylamino)butane
32 PNO \/\/l hy 2-Piperidinohex-3-en-5-one oxime 85 232
Z 2-Piperidinohex-4-en-3-one oxime 10 232
33 PCI AN hy (P-CH,CHCICH,),CH, ® 27 219
34 PNO AN hy 1-Formyi-2-piperidinomethyi- 24 234
cyclopentane oxime
1-Piperidinohex-6-en-2-one oxime 20
35 PNO NN hy 4-Piperidino-3-octanone 54 218
36 Et,NCI (AN, hy [(C2Hs)2NCHLCHCICH,CHoCH, 2 49 219
37 PNO CGH5/= hy 2-Piperidinoacetophenone oxime 95 218
38 PNO Ceong hy Acetoph i 91 218
o= etophenone oxime
39 DNO CHSO@CH =CHCH, hv 1-(p-Methyoxyphenyl)-2-dimethylamino- 78 235
1-propanone oxime
40  PNO @ Ay 2-Piperidinocyclopentanone oxime 89 218
41 Me-NNO @ hy 2-Dimethylaminocyclohexanone oxime 85 218
42 PNO ® hy 2-Piperidinocyclohexanone oxime 82 236
43 MNO - hy 2-Morpholinocyclohexanone oxime 81 236
44 YNO - hy 2-Pyrrolidinocyclohexanone oxime 82 236
45 n-Bu,NNO t hy 2-Dibutylaminocyclohexanone oxime 38 236
46 PNO hy 4-Piperidino-2-cyclohexenone oxime 61 238
2-Piperidino-5-cyclohexenone oxime 4
47 PNO @ hy 4-Piperidino-2-cyclopentenone oxime 74 238
2-Piperidino-4-cyclopentenone oxime 7
48 Me,NNO Cyclooctene hy 2-Dimethylaminocyclooctanone oxime 97 218



TABLE Xlll (Continued)

No. Reagent® Olefin Condition Product® Yield Ref

49 PNO 1,3-Cyclooctadiene hy 4-Piperidino-2-Cyclooctenone oxime 85 238
2-Piperidino-7-cyclooctenone oxime 11

50 PNO 1,5-Cyclooctadiene hy 2-Piperidino-5-Cyclooctenone oxime 94 218

51 PNO Indene hy 93 218, 237

NOH®

P

2 PNO = A-nitrosopiperidine. MCI = N-chloromorpholine. PCl = N-chloropiperidine. MNO = N-nitrosomorpholine. YNO = N-nitrosopyrrolidine. 2 P

= 1-piperidino. ¢ ¢ = cis, t = trans.

TABLE XIV. Addition to Olefins Carrying Heteroatoms

Yield,

No Reagent Olefin Products % Ref
1 EtoNCI CH,==CHClI (C2Hs)oNCHLCHLCl, 82 224
2 ProNHCI CH,=CHCI C3H;NHCH,CHCI, 58 225
3 t-BuNHCI CH,==CHCI #-C4HgNHCH,CHCI, 59 225
4 Et,NCI CH,=—CHF (C2HsINCH,CHFCI 80 224
5 #-BUNHCI CH,=CHF 1-C4HgNHCHCHFCI 61 225
] pCla CH, == CHBr PCH,CHBrCI 77 224
7 Et,NCI CH, =CHSI(CH3); (C2Hs)oNCH2CH(CI)CH2Si(CHa)s 65 224
8 Et,NCI CHCI==CHCH; (CHs)2NCH(CH3)CHCI, 54 224
9 Et,NCI CH=CCICH, XCH,CCl,CHs; X = (CoHs)2N 84 224

10 -PrNHCI X = ~C3HsNH 72 225

11 +BuNHCI : X = t-C4HoNH 66 225

12 PCie : X = CsH1oN 92 224

13 Am,NCI : X = (n-CsHq1)N 28 224

14 +BUEINCI ¢ X = (CHg)3CNCH;5 78 224

15 MeBzNCI 1 X = CgHsCHoNCH; 27 224

16 CHgN(CI)CH,CH,CeHs : X = CgHgCHoCH,NCH; 75 224

17 X = 84 224

N—Cl N—

18 —Cl X = N— 35 224

19 CH3N(CI)(CH2)4N(C1)CH3 [CH3CCI,CHaN(CH3)CHZCH, 2 49 224

20 CHaN(CI)(CH2)eN(CCH3 . [CHaCCI.CHAN(CH3)CH,CH,CHa 2 72 224

21 Et,NCI CH,=CBrCH, (C2Hs)2NCCIBrCH3 46 224

22 Et,NCI CH,=C(CIC(CH3); (CoHs)sNCH2CCI,C(CHg)s 80 224

23 Et,NCI CH,= CI(CF;)CH; (C2Hs)sNCH,CCI(CF3)CH; 85 224

24 PCI® CH,==C(CF3ICH, PCH,CCI(CF3)CH3 88 224

25 Et,NC! o~ (C2Hg)sNCHCHCICH-Y: Y = Ci 83 224

26 . .. ;Y = OH 48 224

27 Y = OAC 60 224

28 ;Y = OCgHs 6 224

29 1Y = CeHs 57 224

30 . :Y =CN 84 224

31 PCl2 PCH,CHCICH,Y; Y = —@—cn 87 224

ci

32 ;Y =Cl 85 224

33 . . . ;Y = OC,Hs 88 224

a4 i~PrNHCI A~ #-C3H7NHCH,CHCICH,C! 56 225

as t-BuNHC! PN 1-C 4HsNHCH,CHCICH,CI 70 225

36 C-CSH1 1NHC' /\-/CI C-CGH”NHCHQCHC'CHQC' 52 225

37 PCI2 CH,CICH==CHCH,CI CH,CICH(P)CH(CI)CH,CI 73 224

38 t-BUNHCI P 1-C4HNHCH,CH = CH,CN 56 225

P,
39 PCla Eo o] 6 224
cl
P
40 PCle Eso2 50, 51 224
cl
Cl NIC:Hs),

41 EtNCI O/ 60 224

¢l

42 Et,NCI ( /\%’O [(C2Hs)p NCH,CHCICH, 1,0 40 219

2

2 pCl = ¢ N—ClI.
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TABLE XV, Addition - to Acetylenes?19.235

EtoNCI n-C,HoC=CH n-C4HgCHCICHO (45)¢ Et,NCI (CH;);CC==CH (CH3)3CCHCICHO (80)
n-Bu,NCl n-C,H,C=CH n-C 4HgCHCICHO (37) n-BupNCI (CH;);CC=CH (CH3)3CCHCICHO (16);
Et,NCI n-C4H,C=CCH; n-C3H;CHCICOCH; (33); (CH3)3CCOCH,CI (5);
n-C3H,COCHCICH3 (29) (CH3)3CCH,CHO (7);
Et,NCI C;HsC ==CC,H; C2HsCHCICOCHs (59); (CH3)3CCOCH; (8)
C2HsCH2COCHs (3): PNOY CgHsC==CH Phenylglyoxal ketoxime (65)
C,H5C=CCHCICHj3 (4) PNOY CH-C==CC;H; Benzil monooxime (61)
n-Bu,NCl CeHsC=CH CeHsCOCH;3 (59); CeHsCOCH,CI (23)

2 The chloramine additions were run in 4 M H,SO4—AcOH solution and the N-nitrosopiperidine photoadditions in 0.1 N HCI-MeOH solution. © The chioramine
additions occurred spontaneously except that to tert-butyl-acetylene where photoinitiation was required. ¢ Percentage yields are shown in brackets.  PNO
= N-nitrosopiperidine.

TABLE XVI. Intramolecular Addition by Aminium Radicals

Substrate Conditions Product (%) Ref
1 Fe(NH °' 240
m e(NH4)2(S04)2 \__O
N 4 M H2§O4—ACOH N (66)
CI/ \Pr 25-30 °C lPr
2 TiCls—TiCls (65) 240
ACOH-H,0
3 hy (20) 241
ACOH-H,0
5°C
4 hy cl 241
MeOH \__O —CsH;
4), { z (32)
5°C T il CH,
Pr
5 m hy Q_°“=N°H 244
AN MeOH | €2
ON Me CH,
6 T' TiCls 239
ACOH-H,0 (7.5)
@—NMe —10 °C ol
7 ! TICI3=TIC!4 242
©/\| ACOH-H0 R R=Cl (77)
cl —15°C N pr
8 4 M H,S0,~ACcOH R = OAC (40) 242
hy R=Cl (20)
35°C
9 MeOH, hy R = CI (36) 242
—-5°C R=H (11)
M
10 N by 245
X =0, (5)
’ MeOH X X =NOH, (76)
NO N
Me
11 N hy, Oz Y = OH, (38) 246
lo MeOH R4 Y = ONO,, (29)
— CH=NOH H,NOH
12 hw CHe |° 244
ONN MeOH 4. N
N N
13 m hy X=0.09) 245
TMe MeOH X = NOH, (82)
NO X |
H
14 m TFA, hy N 249
~
]
H a
15 C/ TiClg a 243
s ACOH-H,0 CQ—/ (66)
- ) N
4 10 °C
16 @\/ ij TiCly « 243
X=H,(10) .
N ACOH-H,O H X = Cl, (40) ‘@()3 (35)
| —10 °C CeHs N N
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TABLE XV (Continued)
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Substrate Conditions

Product (%) Ref

0 HO
17 hy 234
Me—_ MeOH —N -~CH,0H (29) —N --CH==NGH (22)
H
NO
HON
18 hv, MeOH 66) 234
Me___
N N
NO
19 hy Br 234
MeOH (46)
CBrClg
ON—N N
H CHa, H CH,
“/j hy
N HCI l
o Non . O—CH NOH 60b)
*> N N - (
CH3/ H ]
CH,4
cl Cl
obtained in the chloramine addition?'® may arise from decom- O_/ — @ — O/ (81)
position of the carbonyl compounds under the highly acidic N W or N
conditions. l l l
Pr Pr Pr
2. Intramolecular Processes
A favorable entropy term in intramolecular addition of an
aminium radical to a suitably located double bond allows an ef- b, H
ficient synthesis of pyrrolidine derivatives. Both photolysis of NCI —0o, N

chloramines?39-243 and nitrosamines244-246 have been used for
the cyclization to give high yields of pyrrolidines; metal ion
catalyzed reaction of chloramines is also an efficient cyclization
process.24% As shown in Table XVI, except for one case (no. 14),
those substrates having the double bond located at the 5-6 po-
sition always cyclize to pyrrolidine derivatives (eq 60a). The
propensity to cyclize at the 5-position is characteristic of a
radical reaction in which incipient bond formation is kinetically
controlled and favored by a facile overlap of the relevant orbit-
als.246.248 |n the cyclizations of entries 1-5 and 12, the less
stable C-radical intermediates are obtained exclusively over the
more stable piperidine intermediates.244 Furthermore, the ex-
clusive formation of the isotwistane structure234 (no. 18) rather
than the twisted structure, where the cumulative eclipsing at the
bridges is at a minimum, indicates the driving forces are much
larger than the eclipsing energies.

The chloramine cyclizations are sometimes complicated by
the facile thermal rearrangement of 1-amino-2-chloro derivatives
via aziridinium intermediates (e.g., eq 61).24° Such a rear-
rangement may serve to explain the only one anomalous six-
membered ring closure observed in 1-azatwistane synthesis (no.
14, eq 62).24° The driving force in this thermal reaction is ob-
viously the relief of the cumulative nonbonded interactions in
the isotwistane to give the staggered twistane derivative. This
thermal rearrangement does not occur in 1-amino-2-nitrosoal-

kanes as shown in the nitrosamine photolysis experiments (note
particularly the isotwistane synthesis no. 18).234

Finally, trapping of the C-radical intermediate in this process
demonstrates the versatility of the cyclization processes (eq
63).240.246 |t s significant that Hofmann-Loffler type products

N/R
l condftions / (63)
X

N—-R
X=NO hv, MeOH, O, X =ONO,
X=NO hv, BrCCly, N, X=Br
X=Cl  hv, -PrOH, N, X=H
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derived from allylic hydrogen abstraction have never been ob-
served in these experiments.

It is pertinent to discuss chloramine cyclizations catalyzed
by acid and silver salts which have been thought to involve ni-
trenium ion intermediates.250-252 These reactions are somewhat
controversial, and it has been argued that a radical or other
mechanism?239.25%a rather than an ionic “’-cyclization route”25°
is involved in these processes. Recently, Edwards and co-
workers253a reported that silver ion does not assist the heter-
olysis of chloramines and a trace of silver metal in the reaction
mixture may initiate radical reaction. In reply, Gassman showed
that the silver ion catalyzed reaction of 3-chloro-3-azabornane
gave a Wagner—Meerwein rearrangement whereas the amino
radical did not.25% In general, chloramine decompositions in
neutral or weakly acidic solution or catalyzed with silver salt are
complex owing to concurrence of various reaction routes; these
examples are not included in Table XVI.

F. Aromatic Amination

Aminations of aromatic nuclei with N-chlorodialkylamines,
N-chloroalkylamines, N,N-dichloroalkylamines, hydroxylamine,
and its O-sulfonic acid in highly acidic media are also proposed
to involve homolytic attack of aminium radicals.’® The reaction
is normally initiated by a metal ion (Fe2*, Ti*+, Cu, etc.), but
scattered examples of thermally®4 and photolytically®? initiated
chloramine amination are also reported. Aminium radicals
generated from nitrosamine photolysis in weakly acidic media
do not attack benzene derivatives, apparently owing to the
preferential removal of an «-hydrogen.'’ Since three re-
views®9:1% on aromatic amination by chloroamines have recently
appeared, readers are referred to the detailed listing of examples
therein. The majority of the investigations are reported by Minisci
and his co-workers, who have shown that A-chlorodialkylamines
give highest yields.'® The following radical chain mechanisms
have been proposed to account for the observed results (eq
64-67).70 Inevitably, other aminium radical processes, e.g.,

RQNHCI + M* —> RNH* + MCI* 64)

RoNHCI*
NHR, NHR, + RoNH-*

(66)
or MCI* @

intermolecular hydrogen—chlorine exchange reactions, ionic
chlorination, etc., compete against amination to give undesirable
products.213a |n addition, the report that N-chlorodimethylamine
decomposition in AlCl;—nitroalkane systems (Friedel-Crafts
reaction conditions) in the presence of toluene also gives a high
yield of m-toluidine (ortho:para:meta = 14:59:27) renders the
mechanistic interpretation less certain.®S As most of the metal
salts used in the redox processes are also Lewis acids in highly
acidic media, the possibility of a nitrenium pathway (eq 14)
cannot be ruled out.

Support for a radical chain process is derived from the fact
that the radical coupling product 34 is obtained in addition to
mesitylamine (16 %) in amination of mesitylene with hydrox-
ylamines.’®77 That the amination possesses electrophilic
character is supported by the failure to aminate benzene de-
rivatives carrying electron-withdrawing groups (NHR,*, NO,,

NHR,
+ HCl  (67)
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CHa CHg
HoN Hy H,
H CH, H
CH, CH,
34

CO,H, etc.)7®:254 and by the formation of high proportions of para
(90%) and ortho (4-9%) isomers, but no meta isomer, in the
amination of activated aromatics (phenols and phenolic
ethers).”9-254 However, since the latter substrates are also
susceptible to ionic halogenation, highly acidic media with rel-
atively high concentrations of metal salt are necessary to pro-
mote the free radical amination.?54 Halobenzenes are aminated
in lower yields than that obtained with benzene and give mainly
ortho and para isomers with <5% of the meta isomers.255

Interesting results are obtained by the decomposition of
chloramines in the presence of certain alkylbenzenes although
the observations are not readily rationalized with the proposed
mechanism. With toluene as the substrate, both side-chain
chlorination, via hydrogen abstraction by aminium radicals, and
nuclear amination can occur.0:76.255.256 Thg products from the
reaction of toluene with N-chlorodimethylamine vary from
95.4% nuclear amination in concentrated sulfuric acid to 100%
benzylic chlorination in acetic acid.”19.2%4 Furthermore, bulky
chloramines appear to disfavor nuclear amination, attesting to
the operation of steric effects.2%* One of the striking features
in the amination of alkylbenzenes is the extraordinary high
percentages of meta isomers produced. Amination of toluene
with A-chlorodimethylamine gives the identical ortho:para:meta
ratio (9:53:38) regardless of whether the reaction is initiated
thermally,®* photolytically,®2 or by ferrous ion catalysis.”® While
these results are in agreement with the proposal that the di-
methylaminium radical is the common intermediate, the varia-
tions in yield with temperature (from 5% at 10 °C t0 42% at 75
°C) cannot be explained readily. Further, Cu*-catalyzed ami-
nation produces larger amounts of ortho and para isomers and
less meta isomer than Fe2t and Ti3* catalyzed reactions.257

Amination of substituted polycyclic aromatics also occurs,
in some cases with high selectivity. For example, N-chlorodi-
methylamine reacts with naphthalene?® to give a 68 % yield of
dimethylaminonaphthalenes (97 % o isomer), with 1-chloro-
naphthalene a 98% yield of 1-chloro-x-dimethylamino-
naphthalenes (76 % 5-isomer),2'38 and with 1-methylnaphthalene
a 74 % yield of 1-methyl-x-dimethylaminonaphthalenes (95 %
4-isomer).258 The detailed listing of these aminations may be
found in the review.?

Finally, intramolecular amination25® of suitably substituted
phenylalkylamines allows a simple synthesis of tetrahydroqui-
noline and indoline (eq 68). The synthesis of the latter, however,
is accompanied by extensive cleavage of the aminium radical
intermediate.

CH, H,SO My
N
@ CHor  Feso,™ (CHy),  (68)
NH+ N+
AN
Cl \\CHB H// CH,
n=1, 27%
n=2 81%

G. Other Reactions

The aminium radicals generated in photoreduction of carbonyl
compounds or other substrates (section II.E) exclusively undergo
a-proton transfer to give the a-radical and the ketyl radical (eq
69); addition and hydrogen abstraction typical of aminium radi-
cals have not been demonstrated. The ensuing reactions of these
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ketyl and a-radicals are further reduction of the carbonyl com-

[Ar,C—0~ + RoN CH,R'] — Ar,COH + R,NCHR'  (69)

Ar,C=0 + R,;NCHR' —> RN=CHR’ + Ar,C—OH (70)

R=H
— RN=CHR' + Ar,C—0~  (71)
- Ar,C—O—CHR'NR, (72)

pounds (eq 70 and 7 1) or coupling with the intermediate radicals
(eq 72).288 The overall reaction is the oxidation of amines to
alkylidenimines balanced by reduction of carbonyl compounds
to pinacols (or hydrols). Hydrolysis of alkylyidenimines (or
equivalents) gives the final isolated products, R,NH and
R'CHO.

The available results show that a less hindered «-hydrogen
is preferentially transferred leading to the least substituted imine;
i.e., the order of preferred elimination is that of methyl > ethyl
> isopropyl groups in amines.'07:288 |t is noteworthy that pho-
toreduction of 4-benzoylbenzoic acid by N,N-dimethylbenzyla-
mine in aqueous media gives N-methylbenzylamine and no
benzaldehyde.?%8 Photolysis of fluorenone, benzophenone,
p-aminobenzophenone, acetophenone, and 2-naphthaldehyde
in the presence of methylethylaniline gives after hydrolysis no
acetaldehyde indicating demethylation as the strongly preferred
process. 07

Typical radical coupling reactions in the photolysis of
amine—carbonyl compound systems are shown below (eq
73-75).

ArCOCHj3 + CgHsCH(NH,)CH3

hy . . N
—> ArC(OH)CH; + CeHsC(NH,)CHg  (73)298
A B

A+B—A-A+ A-B+B-B (73a)
O
@.@ + (CoHg)sN
HO  CH(CHoN(CoHs),
Neoacls
O
@.@ + (CHg),NCeHs
OH
Ly @.@ + “CHoN(CHy)CgH5 (75a)29%
C
O
@.@ + *CHN(CHA)CeHs
OCH,N(CH,)CgHs
LU .@ (75b)
D
C+D—C-C+CD+DD (75¢)
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A number of intramolecular photoreductions of ketoamines
are characterized by their insensitivities to triplet quenchers (e.g.,
dienes) and low quantum yields as opposed to high product
yields. The nature of these reactions strongly supports the in-
termediacy of a fast intramolecular charge-transfer interaction
process (eq 76-78).299-301

o
ArCCH,N(CH,CeHs) = ArC_)CHQF\i(CHZCGH5)2

OH (76)22°

—> ArCCHNCHCgHs; ~—> CgHsCH=NCH,C¢Hs

+
ArCOCH,

OO0~

CH,CqHs

hy +e
CeH5CCH,CH,CHN(CHZ), == CgH5CCH,CH,CHoN(CHa),
OH

—> CgHsCCH,CH,CHN(CH;),
—> CgHsCCH; + CH;==CHN(CH,),

R o) R O- R
N W/

O
- - O

H

-+ N
|
-B

(77)3%0

t-Bu t

t-Bu
R OH
R
—_ jlzﬁ, “ | (78)301
N N

t-Bu t-Bu

u

There are a few examples in which aminium radicals gener-
ated by charge-transfer interaction undertake pathways other
than the a-proton transfer. Fragmentation of amino alcohols
when irradiated in the presence of carbonyl and heterocyclic
compounds and aromatic hydrocarbons has been suggested to
occur from the radical pair in which Y™- is the anion radical
derived from sensitizers (eq 79).2°2 Photocatalyzed dechlori-
nation39 of 4-chlorobiphenyl in the presence of triethylamine
(or other amines) gives biphenyl with a chemical yield of 71%
and quantum yield of 0.49 (eq 80).

CeHs_.. C@ CeHs
>N/ oy

R

_H \ (79)

CeHsNRCHz' + YH: + CGHSCHO

l

CeHsNRCHg + Y + CgHsCHO
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-h—v> [(C2H5)3N+' CeHsCl]
— (C2H5)3NCI + CeHs‘@' i CeHs-CeHs

(80)

Photolysis of the stereoisomeric nitrosocholestane derivatives
in acidic sthanol solution gave the spirosolane alkaloids, sola-
dulcidine, solasodine, and tomatidine (eq 81).26° This was in-
terpreted to mean that the loss of the 22-hydrogen from the
corresponding aminium radical was facile to form the C=N
double bond which underwent closure to the tetrahydrofuran ring
by acid catalysis.

Air oxidation of dienamines derived from A%-3-keto steroids
to give the conjugated endiones was suggested to be a radical
chain process involving aminium radicals as the chain carriers
(eq 82).25 Since the reaction is catalyzed by cupric or ferric salt,
the suggested mechanism seems to be reasonable. The Schiff
bases derived from «,(-unsaturated ketones also undergo a
similar reaction and probably by the same mechanism.

Air ..
E)N Cu2* or Fed3* E)N

(82)

H. Reactions of Electrogenerated Nonaromatic
Aminium Radicals

The reaction pathway and product produced via a transient
intermediate should, in principal, be insensitive to the mode of
generation of the intermediate if other experimental variables
are not changed. Even though aminium radicals generated
electrochemically frequently undergo reactions identical with
those discussed above, there are many examples where different
behavior is observed. In many instances, the electrode material
is not merely a passive source or sink for electrons but becomes
actively involved in the chemical processes. Hence, it is con-
venient to discuss the reactions of electrogenerated nonaromatic
aminium radicals under the categories of "’inert’’ and "active”
electrodes.

Chow, Danen, Nelsen, and Rosenblatt

1. “Inert’ Electrodes: Platinum, Lead Dioxide, Glassy
Carbon

Since protonation of amines leads to a huge increase in oxi-
dation potential because the easily oxidized ’lone-pair’’ elec-
trons become involved in a covalent N-H bond, amines con-
taining less basic functionality are "'protected” from oxidation
in acidic solution. Much of the early electrolytic oxidation work
was done in aqueous sulfuric acid and illustrates this. The work
of Takayama’s group on oxidative decarboxylation of amino
acids to aldehydes containing one less carbon262 and the related
acids has been summarized in English.263 Similarly, amino al-
cohols are oxidized to amino acids in 30-80% vyields at lead
dioxide.2%4 If other functionality is lacking, A-alkyl cleavage does
occur, even in acid, 2630265

More recent work has often been done in nonaqueous sol-
vents. Triethylamine was found to consume 1 faraday/mole, and
produce triethylammonium salts in both acetonitrile2%® and di-
methy| sulfoxide, 267 although later work has shown that N-C
cleavage also occurs. Methylamine is dehydrogenated upon
electrolytic hydrogenation, and in addition to methylammonium
salt, N-methylformaldehyde imine trimer and some dimethyl-
formamide were isolated.268

In a study of several primary amine oxidations, Barnes and
Mann26° found n values of 0.71 to 0.78, and, in addition to re-
covering about half of the starting material as the ammonium
salt, isolated lower yields of NH, ™, nitrogen, aldehydes, or ke-
tones derived from dehydrogenation products, and hydrocarbons.
Complex mechanisms involving initial aminium radical formation,
followed by either cleavage to a carbonium ion and amino rad-
ical, or deprotonation and oxidation to the ammonia—carbonyl
Schiff’'s base were presented. Their identification of the de-
protonation—oxidation pathway to Schiff's base as a "’high po-
tential” process is unfortunate, because the a-amino radicals
postulated as intermediates are far easier to oxidize than the
corresponding amines. Andrieux and Saveant have shown that
a variety of immonium salts are reduced at quite negative po-
tentials,27° and in the case of benzhydryldimethylamine, which
shows an irreversible wave in acetonitrile (E, = 1.2 V vs, SCE),
the related immonium salt undergoes reversible reduction to
dimethylaminodiphenylmethyl radical, £° = —0.88 V (vs. SCE).
Oxidation of the radical formed by C-deprotonation of an aminium
radical would certainly be fast at the potential necessary for
oxidation of the amine.

In further work on secondary and tertiary amine oxidations
at platinum, Mann and co-workers271:272 found that dealkylation
occurs with secondary and tertiary amines, and tried to distin-
guish between two pathways they envisaged for a-amino radi-
cals giving aldehydes: disproportionation to enamine or oxidation
to immonium salt, as shown in eq 83. On the basis of studies in

CHLCH,CH,NR,

-

CHLCH,CH,NR, 2o CHLCH,CHNR,

/ N

CHZCH,CH,NR, + CHyCH==CHNR, CH,CH,CH=NR,

36 35
H.,0 H,O
\2 2 /
CH,CH,CH
3Ly ©3)

acetonitrile containing D,O and other considerations, their
argument was 35 never formed at all during the reaction, which
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is obviously fallacious, since the hydrolysis of 36 proceeds by
protonation to form 35, Their conclusion that disproportionation,
not electron transfer, is the pathway followed seems highly
unlikely, Ross?72® has pointed out that hydrolysis of the im-
monium salt 35 would give aldehyde enol, and hence mono-
deuterio aldehyde in D,0.

The question of which alkyl group will be lost in a trialkylamine
having more than one type of alkyl group has received some
study. The alkyl group lost is determined by the site of depro-
tonation of the aminium radical, and if there were no selectivity
at all, the fraction of products would be determined by the
number of a-hydrogens present in the alkyl groups (which we
will refer to as ’'statistical”’ product distribution). Smith and
Mann?7! showed that benzyl- and allyldimethylamine cleaved
the N-CH,R bond to a greater extent than predicted statistically
(25%), observing 50% of the secondary amine being dimeth-
ylamine in the former case, and only dimethylamine in the latter.
They explained this on the basis of Me,NCHR being more stable
than RCH,N(Me)CH, because of increased delocalization. When
isopropyl and cyclohexyl groups are pitted against ethyl groups,
however, a greater than statistical preference for N-Et cleavage
was observed.?77:272 |t is not obvious that having more alkyl
groups on the spin-bearing carbon would stabilize an a-amino
radical, as Mann and co-workers assume, since delocalization
from the lone pair on nitrogen will increase charge density at the
carbon, as is shown in 37a <> 37b below; replacement of hy-

R’ R’
.. . o+ 5~
RzN—C\ . > RzN—C\ .
R R
37a 37b

drogens for alkyl groups at R’ and R’ might lead to either sta-
bilization or destabilization. Masui and Sayo,273 in amine oxi-
dations at pH 11.9 at glassy carbon, found that ethyl and n-propyl
were lost in slight excess of statistical preference compared to
methyl, but that Me,N-/-Pr cleaved almost statistically. It should
be pointed out that Masui’s and Mann’s experiments were per-
formed under significantly different conditions, and significant
qualitative differences were observed, most notably that Mann
could find no N-Me cleavage with trimethylamine, while Masui
could. To further confuse matters, Weinberg and Brown?274 found
that in methanol containing potassium hydroxide, a 4:1 ratio of
methyl to benzyl methoxylation was observed for benzyldi-
methylamine, the reverse of Smith and Mann’s observation for
direction of deprotonation of this compound. Although Smith and
Mann275 disputed that an aminium radical was involved in the
reaction in methanol, suggesting that methoxyl radicals were
hydrogen abstracting in the reaction in basic methanol,
Weinberg?7® replied that the amine was, indeed, transferring
electrons under the conditions, and restated that adsorption
effects were important in determining the site of methoxylation.
Several steps are involved before stable, analyzable products
are formed, and it has not yet been established which steps are
rate controlling, or whether kinetic or equilibrium control is most
important.

2. “Active” Electrodes: Silver, Copper, Cobalt, and
Nickel

Very different behavior is observed at the title electrodes in
aqueous base than at the "’inert’ electrodes discussed above.
The behavior of amines at silver electrodes is extensively dis-
cussed by Hampson, Lee, and MacDonald.277 A silver electrode
base is oxidized to silver oxide until the oxide coating becomes
about 100 monolayers deep, when current flow ceases. Addition
of various compounds, including amines, results in consumption
of the silver oxide layer, allowing oxidation to proceed. The
products formed from primary amines include nitriles and al-
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dehydes from RNH, (R = primary), and alcohols, nitro com-
pounds, and olefins from RNH, (R = tertiary).277:278 Secondary
amines react far more slowly, although similar N-alkyl cleavage
products are formed.27° Tertiary amines appear not to be oxi-
dized. It is concluded that amines complex with electrochemi-
cally generated silver oxides, and subsequently react. Only ad-
sorbed amine reacts, causing substantial rate effects. Fleish-
mann, Korinek, and Pletcher2®? have shown that similar reactions
occur at all of the title electrodes, and convincingly argue that
the electrolytic reaction is oxidation of the metal oxides to an
upper oxidation level (Ag' — Agl, Cul' — Cu!, Co" — Co, Ni"
— Nill), and that organic compounds react with the higher oxide.
This conclusion is supported by the fact that amines and alcohols
which are oxidized all proceed at the same potential at each
metal oxide (the potential for oxidation to the higher charge), and
that the re-reduction of the higher oxide can be observed at
sufficiently high scan rates. A primary isotope effect was ob-
served in a comparison of the rates of oxidation for CD;OH and
CH3OH, implying a rate-limiting proton or hydrogen atom transfer
from the carbon electrode. The generalization of this result to
amines merits further study. The relative rates for amine oxi-
dations at the various metal oxide coated electrodes were Cu
> Ni > Ag > Co, although a different qualitative ordering was
observed for alcohols. Fleischmann and co-workers also noted
that iron and gold electrodes show similar reactions, although
at slower rates.
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