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Abstract
Tocopherols are a mixture of antioxidants which are commonly referred to as vitamin E. Tocopheramines differ from toco-
pherols by an amino function in lieu of the phenolic OH group. They are potent antioxidants which are used in biomedical 
scenarios as well as stabilizers for polymers against aging. While in aqueous media α-tocopheramine is mainly oxidized 
to α-tocopherylquinone and N-oxidized by-products, oxidation in apolar media or in polymeric matrices mainly leads to 
dimeric compounds of hitherto unknown structure. In the present study, we synthesized the whole array of N,N-dimerization 
product of α-tocopheramine, including the hydrazo, azo, and azoxy derivatives for the first time, and provided comprehensive 
analytical data as well as general protocols to access the compounds in straightforward syntheses. These results can now be 
used to identify the common oxidation by-products of α -tocopheramine in different reaction systems.
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Introduction

Tocopheramines can be regarded as amino derivatives of 
tocopherols, the class of bioactive compounds usually sum-
marized as “vitamin E”. While tocopherols are phenolic anti-
oxidants, the tocopheramines – synthetic compounds having 
otherwise the same structure – are distinguished by an amino 
group replacing the tocopherols´ phenolic OH group. As in 
the case of tocopherols, the α-homolog, i.e., the compound 
permethylated at positions 5, 7, and 8 of the aromatic ring, 

is by far the most common representative in the group [1, 
2]. The tocopherols and tocopheramines share the proper-
ties of being fully biocompatible and non-toxic [2, 3] and of 
being excellent antioxidants. Having been reported first in 
1942, α-tocopheramine (1) has led a life in the shadow of its 
big brother, α-tocopherol (2), which is produced and used 
on a large industrial scale [4], while such applications of 
tocopheramine are still hampered by the absence of a com-
parable large-scale access [5]. Still, tocopheramines have 
been the subject of extensive research due to their antioxi-
dant properties, having been studied and evaluated as food 
and feed additives [6, 7] and polymer stabilizer [8, 9]. In the 
biomedical field, its promising anticancer and proapoptotic 
activities were studied [10–13] and the suitability to treat 
ophthalmological and reproduction disorders [14, 15]. In 
several cases, the tocopheramines were reported to behave 
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superior to their phenolic counterparts [16–18] with regard 
to the studied bioactivities.

With regard to stabilization of polymers during pro-
cessing, tocopherols have the drawback of poor miscibil-
ity with thermoplastic materials and phase separation, 
limiting extrudability and processing in melts in general. 
Tocopheramines are largely free from these disadvantages. 
With regard to application in the chemistry of renewable 
resources, their potential to stabilize mixtures of lignin 
and polylactic acid, cellulose suspensions for 3D-printing 
[19, 20] or cellulose dopes in fiber manufacture accord-
ing to the lyocell process (cellulose solutions in a melt of 
N-methylmorpholine-N-oxide monohydrate at approx. 
100 °C processing temperature) is notable [21, 22]. In this 
regard, it is also important that the oxidation stability of 
α-tocopheramine at elevated temperatures up to 150 °C by 
far exceeds that of tocopherols. In response to the increas-
ing demand that follows from these beneficial properties, 
we are currently working on a facile and green conver-
sion of α-tocopherol into α-tocopheramine based on redox 

chemistry without involvement of transition metal catalysts 
and without solvents that would be regarded environmentally 
incompatible.

Oxidation of 1 in aqueous media generates para-tocoph-
erylquinone (3) as the main product [23, 24], which is not 
formed directly but via a para-quinone imine which is imme-
diately hydrolyzed under release of NH3 [11, 18] (Scheme 1). 
This reaction is always accompanied by the formation 
of several N-oxidation products, such as hydroxylamino  
(4), nitroso (5), and nitro (6) derivative, Scheme 1. The 
structure of these N-oxidized by-products has been eluci-
dated in a recent work which provided comprehensive ana-
lytical data to support their identification in different sys-
tems [25]. The oxidation chemistry of α-tocopherol is rather 
straightforward by comparison, leading quantitatively to qui-
none 3 when oxidized in aqueous media, largely independ-
ent of the oxidant used. In aprotic media, the products are 
derived from the intermediate 5a-ortho-quinone methide (7)
[26, 27] which immediately undergoes a hetero Diels–Alder 
reaction with inverse electron demand to the spiro-dimer 

Scheme 1
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of α-tocopherol (8) [28, 29] as the main oxidation product, 
Scheme 1. The formation of these main oxidation products 
is quite general, while other by-products are obtained only 
under special conditions or with special coreactants. 

Research on the reactions of tocopheramines in non-
aqueous media, trying to simulate the conditions either in 
lipophilic cell compartments or in polymeric matrices, has 
addressed the interaction with different radicals and stated 
the occurrence of EPR-detectable, rather stable nitroxide 
radical intermediates [30], but the final oxidation products 
have not been identified. Apart from a report on a nitrox-
ide radical with a well-resolved EPR spectrum [31], and 
a UV/Vis-active by-product of red color [32–34], none of 
the oxidation products of α-tocopheramine in non-aqueous 
media have been characterized, although the identification 
of these oxidation products would obviously be an impor-
tant prerequisite for the wider usage of this antioxidant as 
polymer stabilizers.

In this account, we communicate the identification of 
all N-coupled, dimeric derivatives of α-tocopheramine, 
the synthesis of authentic samples in the 100 mg/1 g scale 
according to procedures compatible with green chemistry 
principles, and comprehensive analytical data to facilitate 
identification by compound comparison in unknown reaction 
mixtures in future studies.

Results and discussion

Generally, N–N-coupled oxidation products of aromatic 
amines can be hydrazo (–NH–NH–), azo (–N = N–), or 
azoxy (–N+(O−) = N–) derivatives. Our attempts to syn-
thesize the hydrazo (9), azo (10), and azoxy (11) deriva-
tives of α -tocopheramine generally aimed at high-yield 
procedures that would afford compounds without the need 
of chromatographic purification and without involvement 
of more demanding synthesis techniques or hazardous 
reagents, so that the protocols would be applicable also in 
laboratories not especially equipped for organic synthesis. 
However, conventional oxidants and conditions always pro-
vided a complex mixture of at least four main components 
and lots of minor degradation products (GC/MS). Another 
self-imposed restriction concerned the preference of condi-
tions compatible with the green chemistry principles, which 
meant avoiding environmentally malign auxiliaries, solvents 
(e.g., [35–37]) and transition metal catalysts (e.g., [38, 39]) 
as far as possible.

With increasing amounts of water being present, the 
para-tocopherylquinone (3) became more dominant, which 
excluded aqueous phase transfer systems as options. Interest-
ingly, the yields of 3, as a function of the water content, were 
quite independent of the oxidant used, which allows approxi-
mating the para-quinone yield from 1 for any aqueous 

oxidation system, Scheme 1. Already at water contents of 
5% in a binary solvent system, the yields of 3 exceeded 80%; 
at 20% water, it became nearly quantitative.

Initial tests thus started with non-aqueous systems and 
oxidants known either in tocopherol chemistry or for the pro-
duction of N–N-coupled derivatives from aromatic amines. 
More than 16 different oxidants in combination with differ-
ent solvents, concentrations, and reaction temperatures were 
tested in a screening system. The oxidants included hydro-
gen peroxide and its complexes (percarbonate, urea complex, 
perborate), organic and inorganic peracids, organic (DDQ, 
NMMO) and inorganic oxidants (permanganate, periodate, 
K3[Fe(CN)6], ClO2, CeIV and PbIV salts). General prob-
lems occurred when solubilization of (inorganic) reagents 
required the presence of at least some water, which inevita-
bly rendered the para-quinone 3 the dominant product. Gen-
erally, all three of the target compounds were formed as a 
mixture, mostly azoxy and azo compound as the main com-
ponents with some hydrazo component being present or the 
azo/hydrazo couple accompanied by some azoxy by-product. 
There were two interesting exceptions: K3[Fe(CN)6], under 
phase transfer conditions with n-heptane, afforded approxi-
mately 28% of azo-tocopherol (10) without any azoxy or 
hydrazo accompaniments, besides 72% of quinone 3. Ozone 
in dichloromethane gave a quite remarkable result by provid-
ing azoxy-tocopherol (11) in very good 92% yield. However, 
ozonation conditions were regarded as too specialized to be 
generally applicable in laboratories concerned with biomedi-
cal and polymer stabilization studies, the main application 
fields of tocopheramines.

Our studies on ozone regeneration of spent periodate [40] 
in combination with periodate oxidation of cellulosic mate-
rials [41, 42] led us to the observation that also tetrabutyl-
ammonium periodate is able to oxidize 1 selectively to the 
azoxy compound 11. Optimization of the reaction conditions 
succeeded in terms of a quantitative yield when working in 
chloroform and with a fivefold molar excess of the oxidant 
at room temperature. Notably, no nitroso (5) or nitro (6) by-
products were observed. However, the use of the halogen-
ated solvents as well as the ecotoxic quaternary ammonium 
salts was considered disadvantageous. In a previous work, 
we had encountered examples that in non-aqueous solvent 
systems quaternary ammonium salts of halides and perman-
ganate can be replaced by conventional sodium or potassium 
salts that were finely dispersed on alumina without signifi-
cant losses in reactivity [43, 44]. Fortunately, this proved to 
be true also in the periodate case: a concentrated aqueous 
sodium periodate solution was used to impregnate neutral 
alumina (Brockmann grade 3), which after freeze-drying 
and cryomilling provided 20% NaIO4@Al2O3 as white, 
free-flowing powder. Using a tenfold molar excess of this 
oxidant in 1,4-dioxane at r.t. provided azoxy-tocopherol (11) 
in quantitative yield (Scheme 2), eliminating the need for 
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subsequent purification steps. The oxidant and solvent were 
simply removable by filtration and evaporation, respectively. 

Two reasonable mechanisms can be proposed for this 
process, the first one involving the direct reaction between 
the intermediately formed nitroso (5) and hydroxylamine 
(4) derivatives. When these two compounds were mixed 
under otherwise identical conditions, 5-nitrotocopherol (6, 
65%) and azoxy-tocopherol (11, 34%) were the main prod-
ucts. When neutral alumina – without adsorbed periodate 
– was used, the azoxy compound 11 was obtained in 48% 
besides unreacted starting material, but notably without nitro 
derivative formation. The second mechanistic option, the 
direct oxidation of α-tocopheramine (1) to azoxy-tocopherol 
(11), was more likely, which would involve a stepwise pro-
cess proceeding via the intermediate stages of hydrazo-
tocopherol (9) and azo-tocopherol (10). Both 9 and 10, 
when employed as the starting material instead of 1 under 
otherwise identical conditions, gave quantitative yields of 
azoxy compound 11, which supported the direct oxidation 
mechanism. Apparently, the oxidation of 1 was the slowest 
step. Only traces of hydrazo and azo compound were found 
when 1 was used in excess relative to the oxidant, implying 
that intermediates, once formed, were faster converted to 
the azoxy compound 11 than the remaining unreacted 1 was 
oxidized.

Since we did not find a direct way to quantitatively pre-
pare hydrazo-tocopherol and azo-tocopherol from 1, we 

resorted to the “detour” via the azoxy derivative 11 as the 
starting material, because it became accessible in gram 
quantities according to the above one-pot synthesis. The 
reductive conversion of azoxy-benzenes proceeds gen-
erally to the azo compound, then further to the hydrazo 
compound and, eventually, under N–N cleavage, to the 
amines. The difficulty in the present case consisted in find-
ing reductants and conditions that allowed a sharp separa-
tion between individual stages, considering the general 
oxidative lability of the tocopherol system. After extensive 
screening, a quantitative deoxygenation of azoxy-tocoph-
erol (11) to azo-tocopherol (10) without any overreduction 
to the hydrazo stage (or even the amine) was achieved 
by finely powdered sodium hypophosphite at room tem-
perature (Scheme 2). The same solvent as that employed 
for the synthesis of azoxy-tocopherol, 1,4-dioxane, was 
usable so that the whole sequence from α-tocopheramine 
(1) to azo-tocopherol was feasible as a one-pot procedure. 
Short reaction times of 5 min were sufficient at a tenfold 
NaH2PO2 excess and temperatures around 0 °C. At higher 
temperatures, the formation of the hydrazo by-product 9 
set in and increased with reaction time and temperature: 
7%, 12%, and 27% at r.t., 40 °C, and 60 °C, respectively, 
at a tenfold oxidant excess.

The reduction of the azoxy compound can make use of 
stronger reductants when the azo step is skipped and the 
hydrazo compound is targeted directly. However, reduc-
tion under acidic conditions (metals and acids) was too 
drastic so that N–N cleavage occurred and the tocopher-
amine was regenerated as the main product. Also reductions 
with LiAlH4, although milder and non-acidic, were always 
accompanied by amine formation, even at low temperatures 
(− 78 °C). Sodium borohydride gave superior results, and 
optimization of the conditions showed a 5:1 (v/v) solvent 
mixture of 1,4-dioxane and 2-propanol at room temperature 
to be optimal (Scheme 2). The reductant was added to the 
azoxy-tocopherol (11) in 2-propanol such that the result-
ing solvent ratio was 5:1. Room temperature was sufficient 
to achieve completion of the reaction within 2 h; the tem-
perature can be increased up to 60 °C without the danger of 
by-product formation. The yield of ditocopherylhydrazine 
(9) was quantitative, so that purification of the product by 
chromatography was not necessary.

All three N–N-coupled tocopherol derivatives are com-
pletely stable when stored under an inert gas in the dark; no 
chemical changes have been detected after storage for more 
than 8 months. The same is true for degassed (oxygen-free) 
solutions in n-hexane or 1,4-dioxane. When stored under 
air, azo-tocopherol (10) appeared to be indefinitely stable, 
while ditocopherylhydrazine (9) and azoxy-tocopherol (11) 
showed signs of degradation (dark discoloration) after a few 
days, although the decomposition products were not further 
studied.

Scheme 2
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NMR data and complete 1H and 13C resonance assign-
ments of compounds 9–11, in comparison to the starting 
amine 1, are summarized in Table 1. The effects of the dif-
ferent N–N-moieties in position 6 of the chroman skeleton 
are smaller than in the case of the monomeric nitro, nitroso, 
and hydroxylamine derivatives [25]. The hydrazino (9) and 
azo (10) derivatives are symmetric and the two tocopherol 
“halves” are equivalent and show only one set of resonances, 
while they become distinguishable in the non-symmetric 
azoxy derivative 11. The change of the N-oxidation state 
has minor effects on the shifts of the protons and carbons of 
the aromatic methyl groups, which – by analogy to tocophe-
rols – are most pronounced for C-5a, followed by C-7a and 
C-8b. The largest effect is seen for C-5a on the N-oxygen-
ated side of azoxy-tocopherol (11), with an 1H/13C shift of 
2.19/17.4 ppm. Azo-tocopherol (10) and azoxy-tocopherol 
(11) show a significant down-field shift of about 6 ppm for 
C-6 and C-8a in the 13C domain, and of about 4 ppm for the 
two ortho-positions C-5 and C-7a, which are not seen for the 
hydrazino compound 9. In general, the shifts of the hydrazo 
compound are close to those of the starting amine, and also 
the shift differences between the corresponding nuclei of 
azo-tocopherol (10) and the non-N-oxygenated tocopherol 
side in 11 are minor.

Azo-tocopherol (10) must be assumed to occur in the 
trans-configuration only since the cis-form would suffer too 
severe steric repulsion between the aromatic methyl groups 
to render the compound stable. Molecular modeling on the 
DFT level of theory (B3LYP, 6-31G*) predicts a dihedral 
angle of only 154.3° for the hypothetical cis-azo-tocopherol, 

compared to the dihedral angle of 173.5° for cis-azobenzene 
[45, 46]. Illumination of the red 1 mM chloroform solution 
with UV light (320–380 nm) caused no color change and 
no spectral changes (1H NMR), whereas 380 nm irradiation 
of the red trans-azobenzene causes isomerization into the 
metastable, orange cis-counterpart. For the same steric rea-
sons, we have to assume that the two tocopherol moieties in 
azoxy-tocopherol (11) are trans-configured, so that – from 
the perspective of formally correct nomenclature – com-
pound 11 must be denoted as cis-azoxy-tocopherol.

While the high stability of azo-tocopherol (10) toward 
acids (1 mM up to 10 M H2SO4) was to be expected from the 
behavior of its parent azobenzene, it should be mentioned 
that also ditocopherylhydrazine (9) was stable toward acids, 
without any sign of undergoing benzidine rearrangements 
typical of phenylhydrazines [47]. Also, azoxy-tocopherol 
(11) was insensitive toward acids, whereas azoxy-benzenes 
readily undergo Wallach rearrangements [48].

Interestingly, in aqueous medium the reduction of azo-
tocopherol (10) proceeded already under very mild, nearly 
physiological conditions, albeit rather slowly, with the only 
product being the hydrazo compound 9. Treatment of a 
0.01 M solution of 10 at pH 6 with 10 equivalents of ascor-
bate (or at pH 7 with the same excess of sodium sulfite) 
showed complete conversion to 9 without any formation 
of by-products after 14 h and 36 h, respectively. Such a 
reaction behavior, well known from tocopherol chemistry 
[43], was indicative of the involvement of intermediate 
ortho-quinoid structures which are quite easily reduced to 
the hydroquinone counterparts. To test this hypothesis, the 

Table 1   1H and 13C chemical shifts (δ/ppm) of α-tocopheramine (1) and its N–N-coupled derivatives 9–11 in CDCl3 as the solvent (25 °C)

a Atom numbering: formula in Scheme 1

Nucleusa α-Tocopheramine (1) Ditocopheryl hydrazine (9) Azo-tocopherol (10) Azoxy-tocopherol (11)

H-2a 1.38 (s, 3H) 1.36 (s, 3H) 1.36 (s, 3H) 1.38 (s, 2 × 3H)
H-3 1.73 (m, 2H) 1.78 (m, 2H) 1.79 (m, 2H) 1.81 (m, 2 × 2H)
H-4 2.66 (“t”, 2H) 2.63 (“t”, 2H) 2.62 (“t”, 2H) 2.64 (m, 2 × 2H)
H-5a, 7a, 8b 2.16, 2.13, 2.09 (3 × s, 3 × 3H) 2.15, 2.14, 2.10 (3 × s, 3 × 3H) 2.18, 2.14, 2.11 (3 × s, 3 × 3H) 2.19, 2.13, 2.11/2.12, 2.11, 

2.09 (6 × s, 6 × 3H)
N–H [N-Me] 4.9 (s, br, 2H) 3.4 (s, br, 1H) – –
 C-2 74.3 74.3 74.4 74.6/74.4
 C-2a 28 27.9 27.9 27.9, d.i
 C-3 32.7 32.8 32.6 32.6, d.i
 C-4 22.7 22.7 22.3 22.2/22.6
 C-5a, 7a, 8b 13.6, 12.6, 11.9 14.2, 12.9, 12.0 15.5, 13.8, 12.4 17.4/15.0, 13.5/13.0, 12.5/12.1
 C-4a 122.3 122.9 121.8 121.4/122.8
 C-5 117.1 115.5 121 124.1/119.8
 C-6 134.7 133.1 140.4 144.8/140.1
 C-7 117.8 116.2 121.8 124.8/121.3
 C-8 120.6 120.3 119.9 121.6/120.6
 C-8a 145 145.8 153.6 152.4/150.9
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reduction was carried out in D2O. The product, 5a-mono-
deutero-hydrazo-tocopherol (9-D), proved incorporation of 
one D at one of the two 5a-CH3 groups, showing a triplet 
at 14.4 ppm (JC,D = 22 Hz) in 13C NMR, together with a 
small isotopic shift of 0.2 ppm in comparison to the non-
deuterated 5a-methyl group (14.2 ppm), Table 1. This deu-
teration was highly regioselective – the higher reactivity of 
the 5a-methyl group in α-tocopherol derivatives compared to 
the fellow methyl groups at C-7a and C-8b is a fundamental 
phenomenon in tocopherol chemistry and accounted for by 
the theory of strain-induced bond localization (SIBL) [27, 
44] – and it occurred only at one of the two 5a-methyls, in 
agreement with the mechanism shown in Scheme 3. 

The syntheses in Scheme 2 were repeated with the trun-
cated model compound 1a, in which the isoprenoid C16H33 
side chain is replaced by a methyl group. It is the amine 
counterpart of the common α-tocopherol model compound 
2,2,5,7,8-pentamethylchroman-6-ol [49]. Compound 1a was 
available from previous work [50] as the 15 N-isotopically 

labeled derivative. The N–N-coupled hydrazino-, azo-, and 
azoxy derivatives (9a, 10a, and 11a respectively) were char-
acterized by 15 N NMR [51], Scheme 4. The shifts fell in the 
expectable ranges, confirming the NMR data of the non-
truncated compounds in the 1H and 13C domain (Table 1). 
While the two nitrogen atoms in the hydrazino (9a) and azo 
compound (10a) were magnetically equivalent, they were 
distinguishable in the azoxy derivative (11a). The large 
downfield shift for the azo compound and the smaller effect 
for the azoxy group can be readily understood if the group-
ings are thought of as heteroanalogous ene/enol or carbonyl/
carboxyl moieties. 

Conclusion

In the present study, we have described the synthesis of the 
N–N-coupled oxidation products of α-tocopheramine (1) 
which frequently occur as products when this compound 

Scheme 3

Scheme 4
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is used as stabilizer and antioxidant for polymer melts or in 
fiber processing. Care was taken to optimize protocols in a 
way that can be readily repeated and utilized also in labora-
tories not specialized in organic synthesis, without the need 
of chromatographic purifications. This will ensure that the 
compounds can be widely used as standards for compound 
identification. Together with the previously reported mono-
meric hydroxylamino (4), nitroso (5), and nitro (6) deriva-
tives, the dimeric hydrazino (9), azo (10), and azoxy (11) 
derivatives reported in this study now complete the set of all 
N-oxidation products of α-tocopheramine (1). This can also 
be visualized by means of formal oxidation numbers for the 
nitrogen in the order of increasing oxidation: tocopheramine 
(–3) →hydrazino (–2/–2) → azo (–1/–1) → hydroxylamino 
(–1) → azoxy (–1/ + 1) → nitroso (+ 1) → nitro (+ 3) deriv-
ative. Nitroxide-type radical species directly derived from 
α-tocopheramine are highly unstable [11], in contrast to the 
nitroxide derived from N-methyl- α-tocopheramine, and 
the N-oxide derived from the corresponding N,N-dimethyl 
derivative. The chemistry of these compounds will be cov-
ered in an upcoming report.

Experimental

All chemicals were of the highest purity available and used 
without further purification. HPLC-grade solvents were 
used for all non-aqueous steps, including extractions and 
workup procedures. Bidistilled water was used for all aque-
ous solutions, extractions and washing steps. 1,4-Dioxane, 
n-heptane, ethyl acetate, and toluene used in chromatogra-
phy were distilled before use. α-Tocopheramine (1) was of 
the [R,R,R]-type; however, the  maintenance of stereochemi-
cal integrity over the reactions performed was not further 
checked.

TLC was performed using Merck silica gel 60 F254 pre-
coated plates and flash chromatography on Baker silica gel 
(40 µm particle size). All products were purified to homo-
geneity by TLC/GC analysis; yields refer to isolated, pure 
products with satisfying elemental analysis data (± 0.2%). 
Elemental analyses were performed at the Microanalyti-
cal Laboratory of the University of Vienna. The melting 
points are corrected (benzophenone 48–49 °C, benzoic acid 
122–123 °C), determined on a Kofler-type micro hot stage 
with Reichert-Biovar microscope.

1H NMR spectra were recorded at 300.13 MHz for 1H, 
75.47 MHz for 13C, and 30.40 MHz for 15 N NMR in CDCl3 
if not otherwise stated. Chemical shifts, relative to TMS as 
internal standard, are given in δ values, coupling constants 
in Hz. 13C peaks were assigned by means of APT, HMQC, 
and HMBC spectra, with “d.i.” denoting peaks with double 
intensity. The nomenclature and atom numbering of toco-
pherols and chromanols as recommended by IUPAC were 

used throughout [52, 53]. 1H and 13C NMR resonances of the 
isoprenoid side chain of tocopherols are only insignificantly 
influenced (∆ < 0.05 ppm) by modifications of the chroman 
ring [54, 55] and are thus listed only once: δ = 19.7 (C-4a’), 
19.8 (C-8a’), 21.2 (C-2’), 22.7 (C-13’), 22.8 (C-12a’), 24.6 
(C-6’), 24.8 (C-10’), 28.0 (C-12’), 32.6 (C-8’), 32.8 (C-4’), 
37.3 (C-7’), 37.4 (C-9’), 37.5 (C-5’), 37.5 (C-3’), 39.3 
(C-11’), 39.9 (C-1’) ppm. The analytical data [2] and NMR 
data [5] for α-tocopheramine (1) were in agreement with 
the literature, as well as the data for the 15 N-labeled model 
compound 1a [50].

6‑[(Z)‑(R)‑2‑[(4R,8R)‑4,8,12‑Trimethyltridecyl]‑ 
2,5,7,8‑tetramethyl‑6‑chromanyl‑azoxy]‑(R)‑2‑ 
[(4R,8R)‑4,8,12‑trimethyltridecyl]‑2,5,7,8‑tetra‑
methylchroman (azoxy‑(6‑desoxy‑tocopherol), 
“azoxy‑tocopherol”, 11, C58H98N2O3)  Sodium periodate 
(21.4 g, 100 mmol) was dissolved in as little water as pos-
sible at r.t. The solution was added dropwise to a suspension 
of 85.6 g of neutral alumina (Brockmann grade 1, 150 mesh) 
in 500 cm3 of dry methanol. The solution was evaporated 
in vacuo, taking care that the temperature did not exceed 
40 °C (degradation of the periodate) and the remainder 
freeze-dried overnight and cryomilled for 10 min to pro-
vide periodate@Al2O3 (20%) a white, free-flowing powder.

[R,R,R]-α-Tocopheramine (1, 0.43 g, 1.00 mmol) was dis-
solved in 100 cm3 of freshly distilled 1,4-dioxane and the 
periodate@Al2O3 oxidant (20%, 5.25 g, 5 eq.) was added. 
The mixture was stirred vigorously for 2 h at r.t., and the 
color of the mixture changed to bright orange. Solids were 
removed by filtration and washed with 1,4-dioxane (2 × 50 
cm3). The organic phases were combined and the solvent 
was removed under reduced pressure to afford 11 as a waxy, 
orange solid (0.43 g, 98%). The synthesis was repeated 
several times to afford sufficient starting material for com-
pounds 9 and 10. M.p.: 48–49 °C; Rf (toluene) = 0.50; 1H 
NMR and 13C NMR: Table  1; HRMS: m/z = 870.7590 
(calcd. 870.7572); [α]D

20 =  + 27.0° cm2 g−1 (c = 1, ethanol); 
UV–Vis (1,4-dioxane, c = 10 µM): λmax = 262, 294, 448 nm.

1,2‑Bis[(R)‑2‑[(4R,8R)‑4,8,12‑trimethyltridecyl]‑2,5,-
7,8‑tetramethyl‑6‑chromanyl]hydrazine (N,N´‑di(6‑ 
desoxy‑6‑tocopheryl)hydrazine, “ditocopherylhydra‑
zine”, 9, C58H100N2O2)  A solution of azoxy-tocopherol (11, 
0.5 mmol) in 100 cm3 of 1,4-dioxane as obtained according 
to the above protocol was reduced to a volume of 25 cm3. A 
suspension of 0.038 g of fresh sodium borohydride (1 mmol) 
in 5 cm3 of 2-propanol was added at once and the mixture 
stirred for 2 h at r.t. Acetone (2 cm3) was added and the stir-
ring continued for 30 min at r.t. and 10 min at 50 °C. The 
mixture was cooled to r.t., filtered through a layer of celite 
(washing with 10 cm3 of 1,4-dioxane) and the solvent was 
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removed under reduced pressure to afford 0.42 g (98%) of 
9 as a colorless wax. Rf (toluene) = 0.44; 1H NMR and 13C 
NMR, Table 1; HRMS: m/z = 856.7772 (calcd. 856.7780); 
[α]D

20 =  + 12.7° cm2 g−1 (c = 1, ethanol); UV–Vis (1,4-diox-
ane, c = 1 mM): λmax = 289 nm.

Data of the 5a-monodeuterated compound 9-D: NMR: 
Table  1, JC,D = 22  Hz; HRMS: m/z = 857.7848 (calcd. 
857.7842).

6‑[(E)‑(R)‑2‑[(4R,8R)‑4,8,12‑Trimethyltridecyl]‑2,5,-
7,8‑tetramethyl‑6‑chromanylazo]‑(R)‑2‑[(4R,8R)‑4,-
8,12‑trimethyltridecyl]‑2,5,7,8‑tetramethylchroman 
(azo‑(6‑desoxy‑tocopherol), “azo‑tocopherol”, 10,  
C58H98N2O2)  A solution of azoxy-tocopherol (11, 
0.5 mmol) in 100 cm3 of 1,4-dioxane as obtained accord-
ing to the above protocol was cooled to 0 °C in an ice bath. 
Freshly powdered sodium hypophosphite (sodium phos-
phate, 0.88 g, 10 mmol) was added at once. The solution 
turned colorless immediately. After vigorously stirring 
the mixture for 5 min, the solids were removed by filtra-
tion and washed with 1,4-dioxane (2 × 10 cm3). The organic 
phases were combined and the solvent was removed under 
reduced pressure to afford 10 as a deeply red solid (0.41 g, 
96%). M.p.: 82–84 °C; Rf (toluene) = 0.68; 1H NMR and 13C 
NMR, Table 1; HRMS: m/z = 854.7630 (calcd. 854.7623); 
[α]D

20 =  + 114.9° cm2 g−1 (c = 1, ethanol); UV–Vis 
(1,4-dioxane, c = 10 µM): λmax = 268, 338, 474 nm.

6 ‑ [ ( Z ) ‑ 2 , 2 , 5 , 7 , 8 ‑ P e n t a m e t h y l ‑ 6 ‑ c h r o m a ‑
nyl‑(N,N’‑15N2)‑azoxy]‑2,2,5,7,8‑pentamethylchro‑
man (11a, C28H38

15N2O3)  The procedure follows the 
above protocol for the preparation of 11, employing 0.44 g 
of model compound 1a (2 mmol) instead of the [R,R,R]-
α-tocopheramine (1). Evaporation of the solvent in vacuo 
afforded a yellow-to-orange powder that was recrystallized 
twice from n-heptane to give 11a as an amorphous light 
orange solid (0.40 g, 92%). The synthesis was repeated 
several times to afford sufficient starting material for com-
pounds 9a and 10a. M.p.: 128–129 °C; Rf (n-heptane/ethyl 
acetate, v/v = 10:1) = 0.39; HRMS: m/z = 452.2809 (calcd. 
452.2823); 1H NMR: δ = 2.64 (4H, 4-CH2, 4´-CH2), 2.21 
(s, 3H, 5a-CH3), 2.14 (s, 3H, 7a´-CH3), 2.12 (s, 3H, 5a´-
CH3), 2.11 (s, 3H, 7a´-CH3), 2.09 (s, 6H, 8b-CH3, 8b´-CH3), 
1.82 (t, br, 4H, 3-CH2, 3´-CH2), 1.35 (s, 12H, 2a-CH3) ppm; 
13C NMR: δ = 152.9 (C-8a), 150.3 (C-8a´), 144.2 (d, C-6, 
JC,N = 3.2 Hz), 140.8 (d, C-6´, JC,N = 18.6 Hz), 124.8 (C-7), 
123.8 (C-5), 123.0 (C-4a´), 121.6 (C-8), 121.4 (C-4a), 121.0 
(C-7´), 120.2 (C-8´), 119.0 (C.5´), 74.3 (d.i., C-2), 32.2 (d.i., 
C-3), 27.8 (d.i., C-2a, d.i., C-2a´), 21.3/21.2 (C-4/C-4´), 17.2 
(C-5a), 15.3 (C-7a), 13.3 (C-8b), 13.0 (C-5a´), 12.4 (C-7a´), 
12.1 (C-8b´) ppm (atoms in the not N-oxygenated part are 
indicated by “´”); 15 N NMR: δ = –62.8/–50.5 ppm; EI-MS 

(70 eV): m/z (%) = 237 (MH+, 85), 236 (22), 219 (23), 203 
(40), 182 (16), 181 (100), 179 (22), 164 (30), 163 (12), 91 
(10), 77 (10).

1,2‑Bis(2,2,5,7,8‑pentamethyl‑6‑chromanyl)(N,N’‑15N2)- 
hydrazine (9a, C28H40

15N2O2)  The procedure follows the 
above protocol for the preparation of 9, employing 0.45 g of 
model compound 11a (1.00 mmol) instead of azoxy deriva-
tive 11. Evaporation of the solvent in vacuo afforded a solid 
that was crystallized from n-heptane to afford 0.40 g (92%) 
of 9a as a glassy solid. M.p.: 72–74 °C; Rf (n-heptane/ethyl 
acetate, v/v = 10:1) = 0.28; HRMS: m/z = 438.3031 (calcd. 
438.3030); 1H NMR: δ = 2.62 (2H, t, 3 J = 7.0 Hz, 4-CH2), 
2.15 (s, 3H, 5a-CH3), 2.13 (s, 3H, 7a-CH3), 2.10 (s, 3H, 
8b-CH3), 1.83 (t, 2H, 3 J = 6.80 Hz, 3-CH2), 1.34 (s, 6H, 
2a-CH3) ppm; 13C NMR: δ = 146.0 (C-8a), 133.4 (C-6, 
d, C-6, JC,N = 26.4 Hz), 122.0 (C-4a), 120.3 (C-8), 116.2 
(C-7), 115.5 (C-5), 74.2 (C-2), 32.9 (C-3), 27.3 (d.i., C-2a), 
21.7 (C-4), 14.6 (C-5a), 13.2 (C-7a), 12.0 (C-8b) ppm; 15 N 
NMR: δ = –315.4 ppm.

6 ‑ [ ( E ) ‑ 2 , 2 , 5 , 7 , 8 ‑ P e n t a m e t h y l ‑ 6 ‑ c h r o m a ‑
nyl‑15N2‑azo]‑2,2,5,7,8‑pentamethylchroman (10a, 
C28H38

15N2O2)  The procedure follows the above protocol 
for the preparation of 10, applying 0.45 g of model com-
pound 11a (1.00 mmol) instead of azoxy derivative 11. 
Evaporation of the solvent in vacuo afforded an amorphous 
red solid that was recrystallized from n-heptane to give 
10a (0.39 g, 89%, dark red columns). M.p.: 149–152 °C; 
Rf (n-heptane/ethyl acetate, v/v = 10:1) = 0.51; HRMS: 
m/z = 436.2881 (calcd. 436.2874); 1H NMR: δ = 2.60 (2H, 
“t”, 4-CH2), 2.20 (s, 3H, 5a-CH3), 2.14 (s, 3H, 7a-CH3), 
2.12 (s, 3H, 8b-CH3), 1.80 (t, 2H, 3-CH2), 1.33 (s, 6H, 
2a-CH3) ppm; 13C NMR: δ = 153.2 (C-8a), 141.4 (d, C-6, 
JC,N = 18.0 Hz), 122.3 (C-7), 122.0 (C-4a), 121.1 (C-5), 
119.5 (C-8), 74.0 (C-2), 32.6 (C-3), 27.2 (C-2a), 22.5 (C-4), 
15.8 (C-5a), 14.0 (C-7a), 12.2 (C-8b) ppm; 15 N NMR: 
δ =  + 98.7 ppm.
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