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We report the crystal structure of a phenoxonium cation of a Scheme 1. Mechanism for the Formation of Phenoxonium Cation
vitamin E model compound whose high stability is directly

attributable to the chromanol structure and the degree of methylation 2No+sb|=6
around the phenolic aromatic ring. The crystallographic data are TCHON SbFe”
in excellent agreement with structural results from molecular orbital T-233K + (CH3CNH)*SbFg"

calculations. +2NOg
Vitamin E's role solely as an antioxidanin biological systems

has become increasingly difficult to justify in recent years in light +1e”

of the discovery of a number of new functioha-Tocopherol - OH -+- 0-

TOH), the fully methylated form of vitamin E, has been found to

-1e

-H+ - —
display specific nonantioxidant functions, such as the inhibition of % (CHa)Z}SH E ;8;:‘?33
protein kinase C (PKC), that are not shared by the less methylated
tocopherols §-, y- andd-).2 The a-tocopherol transfer proteirf o o
TTPY is responsible for regulating-TOH plasma levels and R R
preferentially binds the tocopherols in the order g > y > 6, 253 K for 2 weeks in a Nenvironment, during which time a few

but it is not clear whya-TOH is chemically preferred to the other  orange crystals formed. The crystals were unstable in air, but when
tocopherols. There must be some mechanistic property possessedoated in Paratone oil could be stabilized sufficiently to enable
by a-TOH that causes it to interact in a special way with PKC, mounting on an X-ray diffractometer, with the crystals subsequently
which is missing from the other tocopherols. Chemical differences maintained in a stream of Ngas at 200 K while the data were
between the tocopherols have focused on differences in ratecollected.
constants associated with their antioxidant functibnt it has been Because of instability in the presence of moisture and decreasing
demonstrated that the electrochemical properties of the tocopherolsstability at ambient temperatures in solution, {4TO" has
also differ®” In particular,a-TOH has been shown to form a stable proven difficult to separate from the acid as the ShBr PR~
(for a few hours) phenoxonium cation{TO") upon oxidation in salts, and crystals did not form directly in the presence of those
dry organic solvents at low temperatures, where the other oxidized anions. The [B(@Fs)j~ and (CB:iH¢Brs)~ anions have been
tocopherols are considerably less staBle. reported to be extremely non-nucleophilic and have been used to
The electrochemical behavior of TOH and the model com-  stabilize a number of organic and inorganic cati&hand in this
pound where the phytyl chain is replaced with a methyl group, instance, their solubility properties facilitated crystallization of the
(CHz)a-TOH, have been shown to be identiéal® Therefore, phenoxonium cation. The choice of NGs the oxidizing agent
experiments aimed at isolating the phenoxonium cation were for the reaction in Scheme 1 is very important; using@@r Br,
performed with (CH)a-TOH, because it was believed to be more results in the formation of a reactive intermediate quinone methide
likely obtained as a solid than the oil-like natural compound and (via a two electron, two proton process), which quickly reacts
because (CEo-TO' was known to be even more stable than further!3
o-TO" in solution® The oxidation reaction encompassing the Higher precision X-ray data were obtained for the EHTO™"
formation of the phenoxonium cation occurs via two one-electron cation when crystallized with the [B¢Es)]~ anion than with the
steps interposed with the loss of a phenolic proton (Scheme 1), bromo—carborane anion. The,£0;, C,—Cs;, and G—Cg bond
previously established by detailed electrochemical and spectroscopidengths in (CH)a-TO* are typical of compounds with a quinone
experiments (an electrochemical ECE mechani®mny. The reac- structure (Figure 1 and Table 1), which agree with solution phase
tion in Scheme 1 produces the phenoxonium cation in 100% yield infrared studies that detected strong absorbancies at 1670, 1649,
in solution and can be controlled either electrochemically or and 1605 cm! due to a GO stretch and symmetric and
chemically using NO as the oxidizing ageritThe byproducts of asymmetric &=C ring stretches, respectively.’d The G—0O, bond
the chemical oxidation reaction are 1 equiv of acid (represented in length in (CH)a-TO" is significantly shorter than in the parent
Scheme 1 as coordinated to the solvent) and 2 equiv of NO gas.phenol and is between what is expected for a single and double
NOSbF (2.4 mmol) was added to a solution of 1.2 mmol bond. The G—O, bond length in the phenoxonium cation (1.520
(CH3)o-TOH in 2 mL of CHCN at 233 K and mixed for 1 h. A) is much longer than expected for a© single bond (1.44 A).
Cs(CBi1HgBre)*0 or K[B(CeFs)4]*t (1.2 mmol) was added to the  The increased £-O, bond length in the phenoxonium cation
CHsCN, and the solvent was removed with a diffusion pump=( correlates with'*C NMR data and molecular orbital calculations
10-5mmHg). The orange solid was warmed to 253 K and dissolved that indicated increased positive charge an(@d G).7®
in 5 mL dichloroethane and filtered under nitrogen to remove  The high stability of the phenoxonium cation can be rationalized
insoluble material. A 0.5 mL aliquot of the solution was further by the chromanol ring maintaining structural integrity around C
diluted with 10 mL of dichloroethane, and the solution was left at despite the long and, therefore, weai—©, bond. The G—C;—
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compares toat leasta 10 difference in stability (in solution)
betweernn-TO* andd-TO™,7d possibly much longer in light of the
demonstrated ability to crystallize (GJd-TO™.

It has been argued that the chromanol structure is crucial to
vitamin E's role as an antioxidant by imparting a favorable geometry
on the ether oxygen with respect to the aromatic plane, increasing
the p-orbital overlap and thereby improving the stability of the
o-TOr radical'® This work has demonstrated that the chromanol
structure (and phenolic methyl groups) also impart stability on the
phenoxonium cation. The implication of the high stabilityoeTO*
is that it is also critical in vitamin E's true biological function(s),
especially considering that phenoxonium cations are usually
unstablet®
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Figure 1. ORTEP plot for the molecular structure of (gl-TO"
(crystallized with the [B(@Fs)s]~ counteranion). Thermal ellipsoids are
drawn at the 50% probability level and hydrogen atoms are omitted.

Table 1. Selection of Crystallographic Bond Lengths? Supporting Information Available: Crystallographic data and
Bond LenativA theoretical bond lengths and angles from molecular orbital calculations
g (54 pages, print/PDF). This material is available free of charge via the
(CHg)a-TO" Internet at http://pubs.acs.org.
(CHy)o-TOH? [B(CeFs)s]~ (CB11HeBre)~
bond R(F) = 0.0382 R(F) = 0.0316 R(F)=0.0321 References
Ci—0, 1.3827(12).374 1.282(3)1.289 1.296(5) (1) (a) Burton, G. W.; Ingold, K. UAcc. Chem. Res1986 19, 194-201.
C,—0y 1.3950(13).377 1.214(3)1.217 1.219(6) (b) Bow_ry, V. W.; Ingold, K. U.Acp._Chem. Red999 32, 27—-34.
C—C 1.4055(14).404 1.455(4)1.454 1.468(7) (2 g}) AZZII,l,AR-: Sit_ockerj /R/-lPng-,Lng IR%SHZOOQOS% 3%%125354 ég)
_ icciarelli, R.; Zingg, J.-M.; Azzi, iol. Chem. — .
g3 g“ 1.3974(15}.399 1.488(4)1.498 1.511(7) (c) Azzi, A.; Ricciarelli, R.; Zingg J.-MFEBS Lett.2002 519, 8—10.
»—Ca 1.3954(14).398 1.355(4)1.360 1.324(7) 3) (20 Boseoboink D S o o Asri Bl COh
Cs—C 1.4012(15).406  1.355(4)1.359 1.339(7) (3) (2) Boscoboinik, D.; Szewczyk, A, Hensey, C.; Azzi, ABiol. Chem.
5“6 1991 266, 6188-6194. (b) Tasinato, A.; Boscoboinik, D.; Bartoli, G
Co—Cs 1.5217(16}.526 1.515(4)1.519 1.503(7) M.; Maroni, P. Azzi, A.Proc. Natl. Acad. Sci. U.S.A995 92, 12190~
Co—Ci3 1.5159(16).521 1.518(5)1.516 1.516(8) 12194.
Cy—Cu4 1.5207(16).529 1.511(5)1.521 1.515(7) (4) Min, K. C.; Kovall, R. A.; Hendrickson, W. AProc. Natl. Acad. Sci.
Co—02 1.4566(12).440 1.520(4)1.510 1.534(6) U.S.A.2003 100, 14713-14718.

aResults from theoretical (EDF2/6-315G*) calculations are in italic&®
bValues are given for one of the two molecules in the crystallographic
asymmetric unit.

Cs—Cy bond lengths and bond angles remain very similar in going
from (CHg)o-TOH to (CHs)a-TO™. The G—C; and G—C;g bonds
in the conjugated (Ckla-TO™ are shorter than the,€C; and G—
Cs bonds, due to relatively more positive charge located par@
Cs compared to gand G. The bond lengths are all within 0.01 A
and the bond angles are all withifi for the [B(GsFs)4] ~ complex)
of the results obtained from molecular orbital calculatiénhe
exceedingly high agreement between experiment and theory in the
structure of the neutral and charged tocopherols is due to the high
level of accuracy of the EDF2/6-31G* model (Table 1¥* and
because the nonnucleophilic anions do not interact strongly enough
to distort the structure of the cation beyond theoretical predictions.

In theory, all phenols should undergo the reaction in Scheme
15 although vitamin E is unusual in the high stability of the
phenoxonium cation (ofi-TO*) and the high persistence of the
intermediate cation radicals (of all the tocopherols), which are stable
in the presence of organic-soluble aciéisThere are few other
reports of phenols that form stable phenoxonium ions upon
oxidation; 2,6-ditert-butyl-4-(4-dimethylaminophenyl)-phenol, which
has bulky substituents in the 2- and 6-positions and an electron
donating group in the 4-positidi,and a metal stabilized phenoxo-
nium complext”

The proposed high importance @ TOH compared to the other

tocopherols in terms of antioxidant properties has been based on a

<10-fold difference in the rate of a hydrogen atom abstraction
reaction spanning all the tocopherols in organic solvents (the
difference in rate is<2-fold betweem-TOH and-TOH).12 This

(5) Hosomi, A.; Arita, M.; Sato, Y.; Kiyose, C.; Ueda, T.; Igarashi, O.; Arai,
H.; Inoue, K.FEBS Lett.1997 409 105-108.

(6) Svanholm, U.; Bechgaard, K.; Parker, V.DAm. Chem. Sod974 96,
2409-2413.

@ (a) Webster, R. DElectrochem. Commui999 1, 581-584. (b) Williams,

L Webster R. DJ. Am. Chem. So@004 126, 12441-12450. (c )
Lee S. B.; Lin, C. Y.; Gill, P. M. W.; Webster, R. OJ. Org. Chem
2005 70, 10466—10473. (d) Wilson, G. J.; Lin, C. Y.; Webster, R. D.
Phys. Chem. R006 110, 11540-11548.

(8) 13C NMR experiments indicated that (Gfd-TO* was stable for at least
24 h at 233 K in CRCN, whereasa-TO" showed evidence of
decomposition/reactivity after2 h7b.7c

(9) The chemical oxidation procedure is preferable for synthetic experiments
because it avoids the requirement of supporting electrolyte.

(10) The carborane was synthesized by the following procedures: (a) Dunks,
G. B.; Ordonez, K. Plnorg. Chem.1978 17, 1514-1516. (b) Franken,
A.; King, B. T.; Rudolph, J.; Rao, P.; Noll, B. C.; Michl, Collect. Czech.
Chem. Commun2001, 66, 1238-1249. (c) Jelinek, T.; Plesek, J.;
Hermanek, S.; Stibr, BCollect. Czech. Chem. Commur®86 51, 819—
829.

(11) A commercial source of K[B(gs)4] was used.

(12) (a) Reed, C. A.; Kim, K.-C.; Bolskar, R. D.; Mueller, L.Science200Q
289 101-104. (b) Camlre N Nafady, A Gelger W. E.Am. Chem.
S0c.2002 124, 7620-7261. (c) Krossing, I.; Raabe, Ilngew. Chem.,
Int. Ed. 2004 43, 2066-2090.

(13) (a) Rosenau, T.; Habicher, W. Detrahedronl995 51, 7919-7926. (b)
Rosenau, T.; Potthast, A.; Elder, T.; Kosma(rg. Lett.2002 4, 4285~
4288.

(14) (a) Lin, C. Y.; George, M. W.; Gill, P. M. WAust. J. Chem2004 57,
365-370. (b) Gill, P. M. W.; Johnson, B. G.; Pople, J. @hem. Phys.
Lett. 1993 209 506-512.

(15) (a) Hammerich, O.; Svensmark, B.@rganic Electrochemistrygrd ed.;
Lund, H., Baizer, M. M., Eds.; Marcel Dekker: New York, 1991; Chapter
16. (b) Rieker, A.; Beisswenger, R.; Regier, Ketrahedron1991, 47,
645-654. (c) Eickhoff, H.; Jung, G.; Rieker, Aletrahedron2001, 57,
353-364.

(16) (a) Speiser, B.; Rieker, A. Chem. Res. (9977, 314-315. (b) Speiser,
B.; Rieker, A.J. Chem. Res. (M)977 3601-3618. (c) Speiser, B.; Rieker,
A. J. Electroanal. Chem1979 102 373-395. (d) Speiser, B.; Rieker,
A. J. Electroanal. Chem198Q 110, 231—246.

(17) Vigalok, A.; Rybtchinski, B.; Gozin, Y.; Koblenz, T. S.; Ben-David, Y.;
Rozenberg, H.; Milstein, DJ. Am. Chem. So@003 125 15692-15693.
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