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Oxidation under ambient conditions is a major cause of
hydrocarbon degradation in living organismand in many
commercial products such as polymeéisipricants? and food-
stuffs# Low concentrations of so-called antioxidants that protect

against this oxidative degradation are present naturally in aerobic
organisms and are added to synthetic materials. The most

prevalent and widely studied group of antioxidants is phenol-
based. For example, in mammaisitocopherol, a major com-
ponent of Vitamin E, is the most important lipid-soluble anti-
oxidant? and in synthetic materials, hindered phenols such as 2,6-
di-tert-butyl-4-methylphenol (BHT) find widespread applicatioh.
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The role of these phenolic antioxidants is to scavenge peroxyl
radicals which otherwise propagate autoxidation in lipids and
synthetic hydrocarbons. The relevant steps within a generally
accepted mechanism (which may be simplistic for complex,

nonhomogeneous systems such as liposomes and semicrystalline

polymers) are shown belo#. Following initiation, autoxidation
can be propagated by rapid reaction of the hydrocarbon radical
with oxygen (eq 1) followed by the rate-limiting hydrogen atom
abstraction from the polymer (RH, eq 2). Phenolic antioxidants
(ArOH) are able to inhibit this autoxidation by providing a
hydrogen atom that is more easily abstracted (eq 3) to give an
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oxygen-centered phenoxy radical. This relatively stable “ArO
radical then gives nonradical products in preference to reacting
further with RH.

R+ O,—RO0  autoxidation Q)
ROO + RH—ROOH+ R*  autoxidation (2)
ROCU + ArOH — ROOH+ ArO* inhibition  (3)

Previous research into factors that affect the activity of phenolic
antioxidants has focused on the key hydrogen atom abstraction
step (reaction 3). DFT calculations suggest that this proceeds via
an O—H-+-O hydrogen-bonded phenelperoxyl transition statd.
Detailed kinetic studies have also yielded a number of important
observations that relate hydrogen bonding to the activity of
antioxidants. In particular, it has been shown that lowHDbond
dissociation energies of phenolic antioxidants are related to high
antioxidant activity® that intermolecular hydrogen bonding (e.g.,
from hydrogen bond acceptor solvents) generally inhibits hydro-
gen atom transféel and that intramolecular hydrogen bonding
within a phenol (e.g., from an-methoxy group) enhances the
rate of hydrogen atom transféiThus, an accumulation of indirect
evidence suggests that a hydrogen-bonded raghahol adduct
is the key intermediate in this biologically and commercially
important function.

In this paper we report the synthesis and structural character-
ization by single-crystal neutron diffraction of the first such
hydrogen-bonded complex. This system can be viewed as a
structural model for the transition state in hydrogen atom transfer
between a phenol and a peroxyl radical. We have chosen to
investigate the structure of an adduct containing 2,2,6,6-tetra-
methylpiperidine-1-oxyl, TEMPO, and 1,1,3-tris(2-methyl-4-
hydroxy-5tert-butylphenyl)butane, k.. TEMPO is a stable
aminoxyl radical that is structurally similar to (and isoelectronic
with) peroxyl radicals. kL is typical of the class of hindered
phenols that are commercially employed as antioxidants.
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Recrystallization of 3 equiv of TEMPO and 1 equiv oflH
from toluene solution yielded orange crystals that were shown
by NMR and elemental analysis to be a toluene solvatesf H
3TEMPO. A crystal structure, determined by X-ray diffraction,
confirmed the isolated product to be a hydrogen-bonded adduct,
via short G-H:--:O—N interactions between one trisphenol and
three nitroxide molecules. Although phemitroxide adducts have
been investigated spectroscopicalind examples of the NO
group of nitroxide radicals functioning as hydrogen bond acceptors
are known in the solid stafé a search of the Cambridge
Structural Databa8erevealed no structural studies have been
completed on other examples of phendtoxide adducts

Given the potential significance of the observed hydrogen
bonding in HL-:3TEMPO we have determined its structure by
low-temperature (20 K) neutron diffraction, as well, to characterize

(6) Shenderovich, I. G.; Kecki, Z.; Wawer, |.; Denisov, G.Shectrosc.
Lett. 1997 30, 1515.
(7) Chion, B.; Lajzerowicz-Bonneteau,Alcta Crystallogr.198Q B36,998.

© 2001 American Chemical Society

Published on Web 08/23/2001



Communications to the Editor J. Am. Chem. Soc., Vol. 123, No. 37, 28085

0 >/:\<
0

H
/s, \\\\\H/Ojg /, —, --H 3 \\\\\H
N-O~\~~H N- NN—O\
(a)

(b) (c)

e

Q

Figure 2. The three different hydrogen bond geometries h43TEMPO
involving (a) O(4), (b) O(5), and (c) O(6).

Table 1. Geometrical Parameters Associated with Intermolecular
Interactions in the Neutron Structure oglH3TEMPO (distances in
A, angles in deg)

interactions interactions interactions
parameter involving O(4) involving O(5) involving O(6)
Figure 1. Neutron structure of fL-3TEMPO0.5GHg. Toluene and H S_% cl)ggg(é)l) gggiggg g%ggg)
atoms not involved in hydrogen bonding were omitted for clarity. Thermal  ...5 2:723(5) 2:684(5) 276 4(5)
ellipsoids are at the 60% probability level. O—-H-0 166.4(6) 175.4(6) 175.6(6)
. ) ) ) N—O 1.276(4) 1.285(4) 1.282(4)
fully the intermolecular interactions (Figure ®)!* The general H—O—N 128.0(3) 104.9(3) 128.4(3)
structural features of #L-:3TEMPO are unremarkable. All three E—S—C—C —lSll.g€g57)(7) —1741.%(3%(7) 1701.80(529(7)
hydroxyl hydrogen atoms are directed away fromdhert-butyl - . . :
ydroxy' nydrog IS are cire y froma Y He-O 2.826(7) 2.522(7) 2.549(7)
substituents and all ©H---O—N distances are within the range
o ; : C--0 3.430(4) 3.323(4) 3.383(4)
anticipated. For all three such interactionsaryl C—H groups C—H---0 115.1(4) 129.6(4) 132.6(5)

are also in close contact with nitroxide oxygen atoms and,
although the geometries of these contacts are consistent with[H(1)] lies significantly out of the plane of the aromatic ring to
attractive C-H--+O interactions? their structural significance in ~ which it is attached, whereas the other two lie approximately in
the presence of the stronger—®---O hydrogen bonds is the respective equivalent planes (see®+-C—C torsion angles,
unclear'® Most interestingly, close inspection of the structure Table 1)} Despite these differences the-HD, C:--O, and N-O
reveals that the geometries and electronic nature of the threedistances of all interactions are surprisingly similar, suggesting
intermolecular interactions differ significantly from each other that the strength of the three interactions is comparable. This
(Figure 2 and Table 1). The two hydrogen bonds from H(1) and implies that nitroxide (and isoelectronic peroxyl) radicals are
H(3) interact witho-type orbitals of O(4) and O(6), respectively, versatile hydrogen bond acceptors over a wide range of geom-

whereas that involving H(2) is directed towardretype orbital etries.
on O(5) (see HO—N angles, Table 1). The weaker-Ei+:-O These results provide the first structural model for a hydrogen-
interactions follow a similar but complementary patteonfdr bonded intermediate in the hydrogen atom abstraction from

H(15):--O(4) and H(25)--O(5) andx for H(35)-+-O(6)]. A further phenolic antioxidants by peroxyl radicals. Although observation
notable difference is that one of the three phenolic hydrogen atomsof these interactions in a crystal environment is not ideal, the
(8) Recent interest in the solid-state structures of nitroxide radicals has results are nonetheless significant given the difficulty in character-
focused on their potential as organic-based molecular magnets. In this context,iZiNg such interactions by other means. The observation of three
a number of hydrogen-bonded nitroxides have been characterized by X-ray geometrically very different but similarly short interactions
crystallography. See for example: (a) Cirujeda, J.; Ochando, L. E.; Amigo, syggests that the interaction of radicals with phenolic antioxidants
J. M.; Rovira, C.; Rius, J.; Veciana, Angew. Chem., Int. Ed. Endl995 - ?g bl id f steri (5) lectroni .
34, 55. (b) Park, J. G.; Paulsen, C.; Rey, P.; Rovira, C.; Vecian,Chem. S Tavorablé over a wide range of steric and electronic environ-
Soc., Chem. Commuri995 709. (c) Cirujeda J.; Mas, M.; Molins, E.;  ments. This is consistent with their widespread applicability in

Eggggg;%?’_f; \'mbgu%ie.fgrgiée“ggtsﬁéfristﬁ’kgﬂwgﬂh‘i%)kgh 2&7;1 Ssugg\é\’gl?fa’ T biological systems and commercial products. The observation of
119 4369. (d) Pontillon, .; Akita, T.. Grand, A.; Kobayashi, K.; Lelievre- ~ S€CONdano-aryl C—H:--O interactions may influence design of

Berna, E.; Pecaut, J.; Ressouche, E.; Schweizér, Am. Chem. Sod.999 new antioxidants. Further refinement of our model to include some
12](9)1%26- £ K 4 OChem. Des. Autom. Nevi993 8, 1 of the more subtle steric and electronic features of biologically
en, F. H.; Kennaraq, em. bes. Autom. Ne' , L. _ H ] H B . B
(10) Neutron data for bL-3TEMPOO.5GHs: CerdH11gN=Oe, triclinic, PL gctlve antioxidanfsis expected to shed further light on this
orange blocksa = 12.6557(12) Ab = 15.2062(12) Ac = 18.5218(16) A, important process.
o = 86.677(3), f = 83.451(3), y = 67.714(3}, T=20(2) K,Z = 2, Ry-
[1>26(1)] = 0.0521, GOFf?) = 1.093. Crystallographic data (excluding Acknowledgment. We thank the University of Bath and ICI for
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