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In contrast to thex-form permethylated at the aromatic ring, naftocopherols possess free aromatic
ring positions which enable them to act as potent scavengers of electrophiles in vivo and in vitro. In
preparation of enzymatic studies involving peroxynitrite and other nitrating systems, the behavior of
non-o-tocopherols under nitration conditions was studied. The nitration produgts)ef andd-tocopherol

were identified, comprehensively analytically characterized, and their structure was supported by X-ray
crystal structure analysis on truncated model compounds. Even under more drastic nitration conditions,
no erosion of the stereochemistry at 2-C occurred. The nitrosatiprafopherol and-tocopherol was
re-examined, showing the slow oxidation of the initial nitroso products to the corresponding nitro
derivatives by air to be superimposed by a fast equilibrium with the tautomethio-quinone monoxime,

which only in the case of-tocopherol released hydroxyl amine at elevated temperatures to afford the
stableortho-quinone. Mononitration od-tocopherol selectively proceeded at position 5. This selectivity
can be explained by the theory of strain-induced bond localization (SIBL) to the quinoid nitration
intermediates. Bisnitration was only insignificantly disfavored by the first nitro group, so that under
normal nitration conditions offering an excess of nitrating species only the bisnitration product was found.

1. Introduction The naturally occurring tocopherols—4 are single-isomer
compounds having R4'R,8R) stereochemistry.

In contrast too-tocopherol 1), where all aromatic positions
are substituted, the namtocopherols 2—4) possess free
aromatic positions and are thus susceptible to electrophilic
aromatic substitution. This reaction type had been studied more
comprehensively when a possible roleyefocopherol as a trap
of electrophiles, especially NO, shifted into the focus of interest.
It is now established that the-homologue-in contrast to the

Vitamin E, usually taken as a term to descrio¢ocopherol
or even its acetate, is actually a mixture of four tocopherols
(1—4) and four tocotrienol$2 The tocopherols, distinguished
by the Greek prefixea. to 6, differ in the number and position
of methyl groups at the aromatic ring. All tocopherols are good
antioxidants, the:-form having the highest vitamin E activiy.
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a-homologué&8—is well able to trap electrophiles under physi-
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SCHEME 1. Nitration Reaction of a-Tocopherol (1) and

ological conditions, and it has been detected in human plasmao-Tocopheryl Acetate (1a) as well as Their Short-Chain

and tissue samplés? Analogous studies of thg- and 5-ho-
mologues do not exist.

8

V
RR-C ¢Hs,

R2 = Me, (2R,4'R,8'R)-a-tocopherol
Me, R2 = H, (2R,4'R,8'R)-B-tocopherol
H, R2 = Me, (2R,4'R,8'R)-y-tocopherol
R2 = H, (2R,4'R,8'R)-5-tocopherol

HO HO
(0] 0O
5 6
HO.
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a-Tocopherol 1) and its model compound 2,2,5,7,8-penta-
methylchroman-6-ol § PMC) have no free aromatic ring
positions and thus cannot be nitrated or otherwise electrophili-
cally substituted. In earlier work, we have shown by isotopic
labeling studies that the nitration oftocopherol under rather
drastic conditions causes formation of @aitho-quinone,o.-to-
cored @), or its short-chain analogué), according to a multistep
mechanism consisting of a [1,3]-sigmatropic shift of the 5a-
methyl group from 5-C to 6-O with subsequent further oxidation
to the ortho-quinone under release of the 5a-C moiety as
methanoll® a-Tocopheryl acetatel@) and its modeba—for
which a reaction under nitrating conditions would not be
expected at a first glanegprovided 5a-nitroa-tocopheryl
acetate 11) or its model12, respectively! This reaction and
its mechanism were studied comprehensively and were shown
to proceed via trioxaphenanthrene derivatives involving the
acetyl group which is retained during the reactldmoth the
reaction ofa-tocopherol and the reaction aftocopheryl acetate
require rather drastic conditions to proceed, such as the use o
concentrated nitric acid, and are not relevant for conversions
under physiological conditions. The reactions are listed for the
a-homologuel, its acetaté a, as well as for the truncated model
compounds5 and5a in Scheme 1, for the reason of compre-
hensiveness.

We were interested in the interaction of tocopherols with

peroxidases and myeloperoxidases in different systems produc-

ing potent electrophiles or electrophile precursors, such as
peroxynitrite, hypohalite, or thiocyanate. The tocopherols were
thought to act as molecular probes to establish whether the

(7) Morton, L. W.; Ward, N. C.; Croft, K. D.; Puddey, |. Biochem. J.
2002 364, 625-628.

(8) McGeer, P. L.; McGeer, E. @nn. N.Y. Acad. Sc2004 1035 104—
116.

(9) Coulter, I. D.; Hardy, M. L.; Morton, S. C.; Hilton, L. G.; Tu, W.;
Valentine, D.; Shekelle, P. G. Gen. Intern. Med2006 21, 735-744.

(10) Rosenau, T.; Gruner, M.; Habicher, W. Detrahedron1997, 53,
3571-3576.

(11) Witkowski, S.; Markowska, APol. J. Chem1996 70, 656-657.

(12) Adelwihrer, C.; Rosenau, T.; Kosma, Petrahedron2003 59,
8177-8182.
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Analogues 5 and 5a

HNO, conc.
—

1R = RR-C gHy,

5 R=Me 10 R=Me

HNO, conc. AcO
—_—

1aR=RR-C,gHy3
5a R =Me

11 R = RR-C,gHy,
12R=Me

enzymes exerted a purely nitrating (halogenating) effect or
whether the electrophile production was always coupled to an
oxidative effect. From the type and ratio of substitution/oxidation
products, the conclusion about the mechanism was expected to
be rather straightforward. In addition, these in vitro actions of
the tocopherols under physiological conditions would also
correspond to their in vivo reaction mode with electrophiles.

The interaction of nomx-tocopherols with nitrous and nitric
acid, NO, and peroxynitrite was selected as the first system to
study, prior to hypohalites or rhodanide. At this point, we were
facing some problems: no data about nitration producig-of
and o-tocopherol existed, and more than five different sets of
analytical data-with sometimes severely differing analytical
(UV, NMR) data—existed in the literature for the nitration
product of y-tocopherol3-19 This left us with the task to
establish (fors- and o-tocopherol) or reinvestigate (fgr-to-
copherol) the structure of the respective nitration products and
to provide a reference set of analytical data to end the
“uncertainty” found in the literature. For maximum clarity, the
analytical data should be based on crystal structure analysis.
Provided this technique established the structure of a compound,
the corresponding set of analytical data, such as the NMR, MS,
and UV spectra, would not be ambiguous and could be used as
reference. As tocopherol derivatives with their isoprenoid side
chain cannot be crystallize¢br only in quality insufficient for
ray analysis-we thus used truncated model compouriis (
) possessing a methyl group instead of the isoprenoid side
chain. The replacement of the side chain has no effect on the
UV data and the aromatic NMR resonané@g'

In this paper, we thus state the structure of the nitration
products of the nom-tocopherols, and we report their com-
prehensive analytical data (crystal structure, NMR, MS, UV)

(13) Hoglen, N. C.; Waller, S. C.; Sipes, I. G.; Liebler, D. Chem.
Res. Toxicol1997, 10, 401-407.

(14) Marcinkiewicz, SActa Pol. Pharm1967, 24, 375-378.

(15) Yenes, S.; Messeguer, Aetrahedron1999 55, 1411114122,

(16) Cooney, R. V.; Franke, A. A.; Harwood, J. P.; Pigott, V. H.; Custer,
L. J.; Mordan, L. JProc. Natl. Acad. Sci. U.S.A.993 90, 17771775.

(17) Cooney, R. V.; Harwood, P. J.; Franke, A. A.; Narala, K,
Sundstion, A. K.; Berggren, P. O.; Mordan, L. Free Rad. Biol. Med.
1995 19, 259-269.

(18) Christen, S.; Woodall, A. A.; Shigenaga, M. K.; Southwell-Keely,
P. T.; Duncan, M. W.; Ames, B. NProc. Natl. Acad. Sci. U.S.A997, 94,
3217-3222.

(19) Singh, R. J.; Goss, S. P. A,; Joseph, J.; KalyanaramaPRydg:.
Natl. Acad. Sci. U.S.AL998 95, 12912-12917.

(20) Urano, S.; Hattori, Y.; Yamanoi, S.; Matsuo, @hem. Pharm. Bull.
1980 28, 1992-1998.

(21) Brownstein, S.; Ingold, K. UJ. Org. Chem1989 54, 560-569.
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SCHEME 2. Synthesis of the Model Compounds 68
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vi: MeOH / MeONa or Et,0 / LiAlH,

V.

as reference for further work. The issue of nitration/nitrosation
reactions ofy-tocopherol is reinvestigated, and the reason for
the different results, as found so far for this reaction in the
literature, is discussed. In addition, mono- versus bisnitration
for o-tocopherol is studied.

2. Results and Discussion

2.1. Synthesis of Truncated Tocopherol Model Com-
pounds. The synthesis of the tocopherol model compounds
having a methyl group instead of the isoprenoid side chain has
been reported in the literature, and tie¢ocopherol model%)
is available commercially. We started from these reports and
optimized the procedures as detailed in the Experlmental
Section. A summary of the synthetic pathways is given in

Scheme 2, and the crystal structures of the products are shown”

below within the schemes of the nitration reactions.

2.2. Nitration of g-Tocopherol. g-Tocopherol 2) and its
model compound6 are characterized by a nonsubstituted
aromatic 7-C, which is also the position where nitration occurs.
The aromatic proton ir2 and 6 resonated at 6.47 ppm i
NMR (CDCl).22 Compoundbs crystallized in the orthorhombic
system with space groupbca In the solid state, the phenolic
hydroxyl forms an intermolecular ©H—0O hydrogen bond to
the thoman oxygen of a neighboring molecule{Q= 2.987-

) A).

pB-Tocopherol 2) is nitrated to form 7-nitrgs-tocopherol 13),

a red colored, viscous oil. The nitration product&f2,2,5,8-
tetramethyl-7-nitrochroman-6-dl4), crystallized from methanol
as red prisms in the monoclinic crystal system form with space
groupP2i/n. In the solid state, the compound possesses a strong
intramolecular hydrogen bond between the phenolic hydroxyl
and one NQoxygen in theortho-position. The hydrogen bond
distance O(2r0(4) is 2.523(2) A, and the bond is distinctly
bent, O(2y-H(20)—0(4) = 143.5. This strong hydrogen bond

(22) Baker, J. K.; Myers, C. WPharm. Res1991, 8, 763.
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SCHEME 3. Nitration of B-Tocopherol (2) to

7-Nitro- g-tocopherol (13) and Analogous Reaction of Model
Compound 6: Crystal Structure of 6 and Its Nitration
Product 14

nitration
—_—

6 R=Me 14 R =Me

is retained in solution, with the proton resonance (Cip@t
9.75 ppm being highly indicative of such a structural feature.
The nitration reaction along with the crystal structures of both
the starting material and the corresponding nitration product are
shown in Scheme 3.

One peculiarity in the'3C NMR spectra of the nitrotoco-
pherols and nitrochromanols should be mentioned here; it is
found also for compoundks, 16, 19, 20, 22, and23; see below.

In common NMR solvents, such as chloroform and DMSO, only
four distinct resonances for the aromatic system were found;
the resonances of the two carbons bearing the phenolic hydroxyl
and the nitro group in thertho-position were either covered
by background noise or appeared as rather broad signals (5
10 ppm). This behavior, which is well-known foortho-
nitrophenols andpara-nitrophenol derivative$?® is due to
nitrophenot-aci-nitrophenolate tautomerism. One way to over-
come the “missing signals” is to record the spectra in strongly
acidic solvent mixtures, such as that obtained by addition of
1% DCI to the NMR solvent or, alternatively, by measurement

n DCOOD. If the compounds are sensitive toward acids, the
nitrophenol can be converted into the corresponding phenolate
which, however, changes the resonances quite drastically.
2.3. Nitration of y-Tocopherol. By analogy to thgg-isomer,
y-tocopherol 8) and its model compound possess one free
aromatic ring position, but this time located at C-5. The NMR
resonance of the aromatic proton was found at 6.37 $grhe
y-model7 crystallized in the monoclinic system, space group
C2/c, and contained two independent molecules per asym-
metric unit. The four molecules are linked by—®—0O
hydrogen bonds donated and accepted by the phenolic OH
groups to form a hydrogen bond ring with-@ distances of
2.726(2)-2.738(2) A.

The interaction of/-tocopherol with nitrosating and nitrating
electrophiles has been studi€d!® and the formation of 5-nitro-
y-tocopherol 15) as the product of the nitration has been
described in the literature. It was not demanding to repeat this
finding. By analogy, the reaction gf-model7 under nitrating
conditions proceeded neatly and readily to afford 2,2,7,8-
tetramethyl-5-nitrochroman-6-016). For the nitration reaction
as well as the crystal structures of starting material and product,

(23) Pouchert, C. J.; Behnke, The Aldrich Library of'3C and'H FT
NMR Spectralst ed.; Aldrich Chemical Company, 1993, pp 6758V6D
for nitrosophenols and 678A678C, 680C, and 681C for nitrophenols.
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SCHEME 4. Nitration of p-Tocopherol (3) to SCHEME 5. Nitrosation of y-Tocopherol and Further
5-Nitro-p-tocopherol (15) and Analogous Reaction of Model Reactions of the Primary Product 17 by Slow Oxidation to
Compound 7: Crystal Structure of 7 and Its Nitration Nitro Compound 15 or by Fast Tautomerism to
Product 16 Benzoquinone Monoxime Intermediate 18 with Subsequent
Formation of ortho-Quinone 9
O3y, Ogy-©
HO itrati OX.
nitration nitrosation 1O (slow)
O R 0o ‘ C16H33
3 R=RR-CygHs, 17 (< 1%)
7R =Me 16 R=Me
H/O\N fast 0

T>80°c ©

C16H33
18 (> 99%)

nonsubstituted® The aromatic protons resonated at 6.30 and
6.38 ppm with a coupling constant of 2.9 Hz. Several attempts
to study the solid-state structure 8fby X-ray single-crystal
diffraction were unsuccessful because of absolutely unsuitable
see Scheme 4. The compound was found to crystallize at roomcrystal qualities. Therefore thenitrobenzoate derivatives)
temperature in the orthorhombic system with a distinctly was used instead (cf. Scheme 6). With regard to nitration studies,
disordered structure, with the pyran ring adopting two orienta- two questions were of interest. First, does bisnitration always
tions mirror-related relative to the mean plane of the benzene occur, and second, if it was possible to obtain a mononitration
ring. Similar to the nitration product gi-tocopherol, also the  product, is there a preference for one or the otiéro-position?
ortho-nitro derivative ofy-tocopherol exhibited a strong in- The product of the nitration af-tocopherol with two or more
tramolecular hydrogen bond from the phenolic hydroxyl to the equivalents of nitrating agent was the dinitro derivathge in

nitro group, which remains intact in solution (proton resonance the case of model compourdithe corresponding dinitrochro-

at 10.60 ppm). manol20. Obtaining the mononitration product exclusively was

It should be noted that 5-nitrp-tocopherol 15) is also a not possible; the bisnitration product was always formed as
byproduct in nitrosation reactions oftocopherof =12 This byproduct, even if the phenol was applied in large excess relative
chemistry has recently been studied in more detail, and to the nitrating agent. Varying temperature, solvents, and reagent
preparation as well as analytical data of 5-nitrgstwcopherol concentrations had no large effect of the ratio between mono-
(17) have been describéd.lt was shown that 5-nitrose- and bisnitration. Always mixtures of mononitro and dinitro

tocopherol 17), the initial product of the nitrosation, is derivatives were obtained along with non-nitrated starting
immediately converted into its more stable tautomer upon Mmaterial. Evidently, the deactivating effect of the first nitro group
contact with aqueous media, theGsexime of 5,6ertho- on the aromatic system was surprisingly small so that the
tocopherylquinone 1g), the equilibrium concentration of7 reactivity of the mononitration product toward nitronium species
being below 1%. However, the nitroso form was obtained in Was not drastically decreased as compared to the non-nitrated
neat form by aprotic nitrosation of an organomercury derivative. Starting material. The effect of the tocopherol substitution
Nitroso compound.7 is slowly oxidized in the presence of air ~ Pattern, increasing electron density by inductive and mesomeric

under ambient conditions, affording 5-nityetocopherol 15); effects, was evidently able to largely compensate-thveeffect
see Scheme 5. Thus, also after consumption of the initially of the first nitro substituent. Mononitration af-tocopherol
present nitrosating species, nitrosation mixtureg-tdcopherol  occurred with complete selectivity at C-5, but not at C-7,

(3) or its model compound are not stable and will finally afford ~ affording 5-nitroé-tocopherol 21) from 4-tocopherol 4) and
the nitration productl5 or 16, respectively. An additional ~ cOmMpound22 from the truncated analogu(Scheme 6).
process, proceeding at elevated temperatures, was identified: The mononitration produ@2 crystallized from methanol as

the release of hydroxylamine from quinone oxif®to afford orange, triclinic prisms, space groﬂ_ﬁ. In the solid state, also
the freeortho-quinone9 (Scheme 5§1 this compound possesses a strong intramolecular hydrogen bond

between the phenolic hydroxyl and one oxygen of dinéno-
nitro group. In solution, this bond is reflected by the NMR
proton resonance at 9.80 ppm. The hydrogen bond distance
O(2)-0(4) is 2.527(2) A, and the bond is distinctly bent, G{2)
H(20)—-0O(4) = 142.#, closely similar to compound4. In
solution, the presence of the hydrogen bridge is indicated by
T ) the 9.80 ppm proton resonance. Similarl#y the nitro group

2.4. Nitration of 6-Tocopherol. d-Tocopherol 4) is the only is not perfectly coplanar with the phenyl ring rather than inclined
tocopherol with more than one free aromatic position, and both by an out-of-plane rotation of cd3° around the C(15¥N(1)
positionsortho to the phenolic hydroxyl, C-5 and C-7, are  hond in order to diminish steric congestion. In dinitrats the

The clear distinction of the nitroso and quinone monoxime
compounds from the nitro derivativegl and 15, along with
the full analytical data set of the latter, will help to overcome
the inconsistency and untrustworthiness of the analytical data
for this compound found in the literature and help to correctly
identify the compound when encountered in biological samples.

(24) Patel, A.; Liebner, F.; Mereiter, K.; Netscher, T.; Rosenau, T. (25) Stern, M.H.; Robeson, C.D.; Weisler L.; Blaxter, J.I5Am. Chem.
Tetrahedron2007, 63, 4067 — 4073. Soc.1947 69, 869-874.
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SCHEME 6. Nitration of o-Tocopherol (4) to 5,7-Dinitro-0-tocopherol (19) and 5-Nitro-d-tocopherol (21) and Analogous
Reaction of Model Compound 8: Crystal Structure of 8 (as thep-nitrobenzoate 8a) and Its Nitration Products 20 and 22

O\\N+»O -

O\\N,,,Of nitration nitration

(excess (excess H
of 4/8) HO of NO,")
e —_—

\‘\\\ B

22 R=Me 8 R=Me 20 R=Me

SCHEME 7. Calculated ZPE-Corrected Energy Differences
between 5-Nitro-0-tocopherol Model 22 and its Hypothetical
7-Nitro Isomer 23, and between the Twos-Complexes (24
and 25) Leading to Those Nitro Derivatives

OH group is hydrogen bonded to the same nitro group as in
mononitrate22, but here the inclination angle of the nitro group
N(1)O; is approximately 22 and the hydrogen bond distance
0(2)-0(4) = 2.575(1) A is larger, consequently. The second
nitro group, N(2)Q, is approximately perpendicular to the O\\N*’O
phenyl ring with an inclination angle to the phenyl ring of H
approximately 81 because of steric interference with the

adjacent OH group and the adjacent C(12@toup.

o
S L I o
The selectivity in the nitration in favor of the 5-derivative 22 y 23

?\ +

H_ N=g

| H

o

24

+ 1.4 kcal / mol

O
/

was quite surprising at the first glance. 4nand 8, there are

two free ortho-positions available which have no evident .
differences with regard to electronic effects or spatial conditions.  HO

With regard to steric hindrance, one could even assume the

7-position with a rotating methyl group (C-7a) to be slightly

better accessible than the 5-position having an inflexible
heterocyclic methylene neighbor (C-4). The selectivity also

cannot be explained by the stability of the products: the ZPE- Q.
corrected total energies of the 5-nitro derivati®®2 and the H_ N~g

hypothetical 7-nitro derivative3, computed at the MP-2/6- HO +53.1 keal / mol
31G(d,p)//B3LYP/6-31G(d,p) level of theory, differ only by 1.4 -
kcal/mol, which is almost within the error limit. Instead, the ®) o —N:\
observed imbalance in the product distribution can be accounted o
for by the stability of the primary nitration intermediates, the o )
nitrocyclohexadienyl cations op-complexes. The 5-nitro  quinoid structures. For tocopherol and other 2,2-dialkyl-
intermediate24 was calculated to be by 53.1 kcal/mol more substituted chroman-6-ol derivatives, the annulation angle sum
stable than the corresponding 7-nitro counterpa),(which is approximately 242 and the ratio between the twartho-
agreed perfectly with the observed dominance of the 5-nitro- quinone methides was experimentally determined to be about
product (Scheme 7). The energy difference can be readily 97/3 in favor of the Sertho-quinone methide, in complete
explained by the theory of strain-induced bond localization @greement with computations. The computationally predicted
(SIBL), which had been successfully applied to clarify the ratio for the two isomeric nitration intermediat2éand25was

frequently observed preference of thetocopherol-derived ~ 98.2/1.8 in favor of the 5-nitro isomer. Experimentally, no
5-ortho-quinone methide (the “up”’-0QM) over the isomeric  7-Nitro compound was retrieved and the 5-nitro derivative was
7-ortho-quinone methide (the “down”-0QM$:2” The same  formed exclusively. _ _
argument as used for thosetho-quinone methides can be With regard to nitrosation, the chemistry éftocopherol
applied for the nitration intermediates, which in fact also largely equaled that of the-homologue, although there were
represent quinoid systems. A brief explanation shall be given Some quantitative differences (Scheme 8). To obtain the
in the following—a detailed explanation of the theory is notin 5-nitrosoéd-tocopherol 26) nitroso derivative in neat form, a
line with the scope of this report: the sum of the annulation similar detour involving an organomercurial derivative that was
angles governs the stability and thus the ratio of the two isomeric Nitrosated under aprotic conditions was necessary; a 7-nitroso
derivative was not obtained. Similar to 5-nitroggecopherol
(26) Rosenau, T.; Ebner, G.; Stanger, A.; Perl, S.; NurChem—Eur (17, alS(.) 5-nitrosa§_-tocophero| 26) te.nded _tO form the
J. 2005 11, 280-287. T T B tautomeric benzoquinone monoxin® immediately under
(27) Rosenau, T.; Stanger, Aetrahedron Lett2005 46, 7845-7848. protic conditions. The equilibrium was not as far on the side of

6508 J. Org. Chem.Vol. 72, No. 17, 2007
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SCHEME 8. Nitrosation of -Tocopherol and Further
Reactions of the Primary Product 26 by Slow Oxidation to
Nitro Compound 22 or by Fast Tautomerism to
Benzoquinone Monoxime Intermediate 27 without
Subsequent Formation ofortho-Quinone 28

Oy

N

N

nitrosation HO
—_—

27 (63%)

R = RR-CygHa,

the quinone in the case of thehomologue, the nitroso-to-
quinone oxime ratio being 37/63, in contrast te 89/<1 ratio

for they-system. Also26 was slowly oxidized in air to 5-nitro-
o-tocopherol 22), similar to 5-nitrosoy-tocopherol 17) giving
5-nitro-y-tocopherol 15). However, the quinone oxime tautomer
27 proved to be completely stable upon heating, showing no
signs of a loss of hydroxylamine and thus no conversion into
the correspondingrtho-quinone.

3. Conclusions

The nitration of all three non=tocopherols has been studied.
The respective products were comprehensively analytically
characterized. Crystal structures of the truncated chromanol
model compounds and of all nitration products were obtained
and used to unambiguously confirm the structures. All nitration

JOC Article

studies where there is a frequent need for reference data from
neat standard compounds for comparison.

4. Experimental

4.1. Synthesis and Compound Characterization of Model
Compounds. 4.1.1. Synthesis ¢gi-Tocopherol Model Compound
6. 2,5-Dimethyl-1,4-hydroquinone.A solution of 2,5-dimethyl-
1,4-benzoquinone (0.50 g, 3.67 mmol) in diethyl ether (20 mL)
was shaken with a freshly prepared saturated aqueous solution of
NaS,0, (40 mL). The colorless ether phase was washed with water,
dried over MgSQ@, and concentrated in vacuo. The residue was
triturated with light petroleum ether (30 mL). After cooling, a white
precipitate of 2,5-dimethyl-1,4-hydroquinone (0.42 g, 83%) was
obtainedk®2®mp = 122-124°C; TLC R = 0.50 (-hexane/diethyl
ether, v/iv=5:5); 'H NMR (CDs0D) ¢ 2.10 (s, 6H, CH), 6.50 (s,
2H, A"CH); C NMR (MeOD) § 15.90 (CH), 118.12 {"CH),
123.33 ("C), 148.94 {"C—OH). Anal. Calcd for GH1¢0O2 C,
69.55; H, 7.30; O, 23.16. Found: C, 69.71; H, 7.34.

6-Hydroxy-2,2,5,8-tetramethylchroman (6).Into a solution of
2,5-dimethyl-1,4-hydroquinone (see above, 1.50 g, 10.85 mmol)
in formic acid (14.03 mL, 98100%) and THF (3.74 mL) was
added dropwise 2-methyl-3-buten-2-ol (10.81 mmol, 1.13 mL) in
THF (0.93 mL) under stirring at 100C. The addition was
completed within 1 h. The mixture was further stirred for 3 h, cooled
to rt, and poured into crushed ice. Water was added, and the mixture
was extracted with diethyl ether. Light petroleum ether (10 mL)
was added to the combined ethereal extracts, and the mixture was
washed with water. This way, most of the formic acid contained
in the ether phase was removed. The solvent was evaporated, and
the residue was dissolved in methanol (14 mL). Concentrated HCI
(0.18 mL) was added, and the solution was heated &06f@r 20
min to hydrolyze any formate ester that might have formed. The
methanol was evaporated, and the residue was dissolved in diethyl
ether (10 mL). After washing with water, with a saturated aqueous
solution of NaHCQ and again with water and drying over Mgi0
the mixture was concentrated in vacuo. The residue was triturated
with light petroleum ether under reflux (40 mL) for 15 min. After

products are characterized by strong hydrogen bridges betweertooling to rt, nonreacted 2,5-dimethyl-1,4-hydroquinone §%)

phenolic hydroxyl and the neighborimmgtho-nitro substituent,
both in crystalline phase and in solution. The nitration products
of - and 6-tocopherol were reported for the first time. The
nitration/nitrosation system of-tocopherol and)-tocopherol
was revised showing the systems to involve an equilibrium
between nitroso compound and tautomeritho-quinone mon-
oxime, the former being slowly oxidized into the corresponding
nitro derivative in the presence of air.

A favoring of position 5 over position 7 was found for nitro
compound formation in the case @tocopherol, which has two
free aromatic ring positions available for nitration. This behavior
finds parallels in the oxidation chemistry @ftocopherol, which
showed a comparable preference for the formation obttieo-
quinone methide in the 5-position over that in the 7-position.
This similarity is reasonable since, in both cases, the product
distribution is determined by the stabilities of quinoid intermedi-
ates g-complexes), which can be readily explained according
to the theory of strain-induced bond localization (SIBL).

With the present study, we would like to provide a reference
set of analytical data which we trust will be helpful in all kinds
of related enzymatic, in vitro and in vivo studies involving
reactions of tocopherols and tocopherol model compounds with
nitrogen-derived electrophiles, such as nitrating species, NO
nitroso compounds, or peroxynitrite. We also hope that the
clarification of the nitration/nitrosation chemistry of the toco-
pherols, as an important class of bioactive compounds, will be
useful with regard to nutritional, biological, and medicinal

was filtered off, and the filtrate was concentrated in vacuo, purified
by flash chromatography (gradienthexane/diethyl ether, v/«
9:1— n-hexane only), and recrystallized fromhexane to afford

a white crystalline solid®) in 30% overall yield®*-33 mp = 79—

80 °C; TLC Rr = 0.35 (light petroleum ether/diethyl ether, v
8:2); I1H NMR 0 1.28 (s, 6H, H-2a), 1.79 (t, 2HJ = 6.8 Hz,
H-3), 2.08 (s, 3H, H-5a/8b), 2.10 (3H, s, H-8b/5a), 2.61 (t, 2H,

= 6.8 Hz, H-4), 4.16 (s, 1H, OH), 6.47 (s, 1H, H-75C NMR ¢
11.35 (C-5a), 16.21 (C-8b), 21.52 (C-4), 27.07 (C-2a, d.i.), 33.29
(C-3), 72.86 (C-2), 115.70 (C-7), 119.57 (C-5), 120.52 (C-4a),
124.45 (C-8), 146.10 (C-6), 146.52 (C-8a).

Also colorless crystals of the bisalkylated byproduct 2,2,5,7,7,-
10-hexamethyl-2,3,4,7,8,9-hexahydro-pyranof@d@iromene were
isolated in 9% yield: mp 168170 °C; TLC R = 0.64 (SiQ;
n-hexane/diethyl ether, v/& 9:1); 'H NMR 6 1.28 (s, 12H, CH),
1.77 (t, 4H,%] = 6.8 Hz), 2.04 (s, 6H"C—CHjy), 2.60 (t, 4H,3]

6.8 Hz).
Compoundb was recrystallized from-hexane to obtain crystals
itable for X-ray crystallography.
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SCHEME 9. Confirmation of the Retention of

(2R,4R,8'R)-Stereochemistry upon Nitration of y-Tocopherol

@)

~

Os +.0
N

nitration (i) H
_—

HO iii HO

R =RR-CgHy3
i = NaNO, / AcOH (general procedure),
or HNO; (1 equiv.) / EtOH or NO,BF, (5 equiv.) / Et,0;
ii =Zn/AcOH / HCI (conc.), n-hexane; iii = NaNO,, EtOH;
iv = toluene, reflux

Patel et al.

was washed with water, saturated aqueous Nagi&@ition, and
again with water, dried over MgS@Qand concentrated in vacuo
The yellow, oily residue was crystallized from light petroleum ether
to give 6-acetyl-2,2,8-trimethylchroman as an off-white solid (1.02
g, 70%): mp=60-62°C; TLC R = 0.30 fr-hexane/diethyl ether,
vlv = 7:3), orange color witlp-anisaldehyde reageriti NMR ¢
1.28 (s, 6H, H-2a), 1.75 (t, 2HJ = 6.76 Hz, H-3), 2.12 (s, 3H,
H-8b), 2.45 (s, 3H~COCH), 2.74 (t, 2H,3] = 6.76 Hz, H-4),
7.51 (s, 1H, Ar-H), 7.53 (s, 1H, Ar-H); 3C NMR ¢ 16.08 (C-
8b), 22.52 (C-4), 26.21GH3CO), 27.08 (C-2a, d.i.), 32.53 (C-3),
75.31 (C-2), 119.86, 126.30, 128.26, 128.56, 128.91 (C-4a, C-5,
C-6, C-7, C-8), 156.84 (C-8a), 197.30 (CO).
6-Acetoxy-2,2,8-trimethylchroman.Into a mixture of 6-acetyl-
2,2,8-trimethylchroman (0.47 g, 2.16 mmol), glacial acetic acid
(3.75 mL), and water (0.70 mL) was added peracetic aci@9%
in acetic acid, 0.70 mL) at rt. The mixture was left standing
overnight and then poured into water. Residual peracid was
decomposed with sodium hydrogensulfite. The reaction mixture was
extracted with ethyl acetate and subsequently washed with water,
saturated aqueous NaHg®olution, and again water, dried over
MgSQO,, and concentrated in vacuo. The yellow, oily residue

obtained was purified by flash chromatograpiyhéxane with a
few drops of diethyl ether) to afford 6-acetoxy-2,2,8-trimethyl-

4.1.2. Synthesis of-Tocopherol Model Compound 7. 6-Hy- chroman as a colorless viscous liquid (0.31 g, 60%): TRG=

droxy-2,2,7,8-tetramethylchroman (7).A solution of 2-methyl- . N
3-buten-2-o0l (10.81 mmol, 1.13 mL) in THF (0.93 mL) was added a'_gzi)@'lhgﬁa(r:eéﬂgjhzl:;h;hz\//ﬁ_g')z)z’ 12|1 ’(\ISM?H‘S j:gg)(sz’ g;(s
dropwise to a solution of 2,3-dimethyl-1,4-hydroquinone (1.50 g, P AR e - o 1Y o '
10.85 mmol) in formic acid (14.0 mL, 98100%) and THF (3.7 oM acetyloxy), 2.81 (t, 2HJ = 6.74 Hz, H-4), 6.70 (s, 1H, Ar
mL), under stirring at 100C. The addition was completed within H), 6.74 (s, 1H, AFH); *3C NMR 0 16.10 (C-8b), 21.07 (CHl
1 h. Stirring was continued for additional 3 h, and the cooled aC€tIoxy), 22.76 (C-4), 27.05 (C-2a, d.i.), 32.57 (C-3), 74.04 (C-
mixture was poured onto crushed ice. 2), 119.04, 120.70, 121.12, 127.28 (C-4a, C-5, C-7, C-8), 142.50
Water was added, and the mixture was extracted with diethyl (C-6), 149.85 (C-8a), 170.20 (COO, acetyloxy).
ether. Light petroleum ether (10 mL) was added to the combined  6-Hydroxy-2,2,8-trimethylchroman (8). Procedure A:Into the
ethereal extracts, and the mixture was washed with water. This way,ice-cooled solution of acetoxy-2,2,8-trimethylchroman (2.66 g,
most of the formic acid contained in the ether phase was removed.11.38 mmol) in dry methanol (120 mL) was added dropwise a 0.1
The solvent was evaporated, and the residue was dissolved inM sodium methanolate in methanol (0.1 M, 2.0 equiv, 228 mL,
methanol (14 mL). Concentrated HCI (0.18 mL) was added, and 22.8 mmol), and the mixture was stirred for 15 min at rt. After
the solution was heated at 6@ for 20 min to hydrolyze any completion of the reaction (TLC control), the mixture was diluted
formate ester that might have formed. The methanol was evaporatedwith methanol, and strongly acidic cation exchange resin (Dowex
and the residue was dissolved in diethyl ether (10 mL). After 50WX8) was added until neutralization. The mixture was filtered,
washing with water, with saturated aqueous solution of NaflCO and the filtrate concentrated in vacuo. The residue was purified by
and again with water and drying over MggQhe mixture was  flash chromatography (gradienthexane/diethyl ether v/# 6:1.5
concentrated in vacuo. The residue was triturated with light — v/v = 6:1) and recrystallization frorm-hexane to afford
petroleum under reflux (40 mL) for 15 min. After cooling to rt,  6-hydroxy-2,2,8-trimethylchromar8) as a colorless solid in 97%
nonreacted 2,3-dimethyl-1,4-hydroquinonel6%) was filtered off  yjeld. Procedure B: A suspension of LiAlH (47.7 mg, 1.25 mmol)
and the filtrate was concentrated in vacuo, followed by flash jn dry diethyl ether (2.8 mL) was refluxed (bath temperature
chromatography (gradient light petroleum ether/diethyl ether v/iv 42 °C) for an hour. 6-Acetoxy-2,2,8-trimethylchroman (0.27 g,
= 9:2— v/v = 9:0.8) to provide a light brown solid7) in 30% 1.18 mmol) dissolved in dry diethyl ether (0.7 mL) was added
yield:>3033mp = 75-77°C; TLC R = 0.35 (light petroleum ether/  gropwise under stirring at reflux. The addition was completed within
diethyl ether, v/v=8:2); *H NMR 6 1.29 (s, 6H, H-2a), 1.74 (t, 1 the stirring was continued for 2 h, and the mixture was cooled
2H,3) = 6.8 Hz, H-3), 2.10 (s, 3H, H-7a/8b), 2.13 (3H, S, H-8b/ {4 1 Excess hydride was destroyed by the dropwise addition of
7a), 2.68 (t, 2HX) = 6.8 Hz, H-4), 4.0 (br, 1H, OH), 6.37 (s, 1H, et diethyl ether. The mixture was refluxed for another 10 min

H-5); 3C NMR 6 11.85, 11.89 (C-7a, C-8b), 22.63 (C-4), 26.94 4 cooled to rt. At this sta
. ge, there should be no gray, nonreacted
(C-2a), 32.93 (C-3), 73.39 (C-2), 112.13 (C-5), 118.05 (C-4d), | ia|H , remaining and the precipitate should be bright white. The

121.61 (C-7), 125.76 (C-8), 145.85 (C-8a), 146.25 (C-6); IR (KBr) reaction mixture was neutralized with 5% aqueoyS®, solution,

SZ,ZIls:ozgsj?'h%I927éII2c?v3igsyhlgrlitalllizgi‘ }ﬁg%éiﬁfg{g d product and pha§es were separated. The organ!c layer was washed with

335 6 8 g—heyxgmeth -1 2y3 8.9 10-hexah dryo ranpo[B 2. water, with saturated aqueous NaH§XDlution, again with water,

cﬁrc’m%e'ne’ were found (31/00/') 'Aﬁall ,Calcdf By o _pé 78 79’, dried over MgSQ@, and evaporated in vacuo. The remaining pale
°): \ OfsB262: &, 1019, brown, oily residue was purified as described in procedure A (88%):

H, 9.55; O, 11.66. Found: C, 78.88; H, 9.56. 24 " an o - .
Compound? was recrystallized from-hexane with some drops 6-$-p131Nf/|2R % I ;(i: 2 _GIS '3:_2;'@1(6‘;;/ g'egg’l] e:thgré VA\;

of ethyl acetate to obtain crystals suitable for X-ray crystallography. H-3), 2.03 (s, 3H, H-8b), 2.60 (t, 2HJ = 6.8 Hz, H-4), 4.66 (br,
4.1.3. Synthesis of-Tocopherol Model Compound 8. 6-Acetyl- - -

2,2,8-trimethylchroman. 2-Methyl-3-buten-2-ol (26.6 mmol, 2.29 1H, OH), 6.30 (d, 1H;J = 2.9 Hz, H-7), 6.38 (d, 1HWJ = 2.9
By | Hz, H-5); 13C NMR 6 16.02 (C-8h), 22.80 (C-4), 26.89 (C-2a),

g, 4 equiv) was added dropwise to a solution of 4-hydroxy-3-
methylacetophenon (1.00 g, 6.65 mmol)so-propylether (10 mL) 32.84 (C-3), 73.54 (C-2), 112.64 (C-5), 115.68 (C-7), 121.07 (C-

and concd HSO, (0.33 mL), under stirring at reflux (5558 °C).
The addition was completed within 3 h, and the mixture was further  (34) Nakamura, T.; Kijima, SChem. Pharm. Bull1972 20, 1297~
stirred for additional 3 h. After cooling to rt, the reaction mixture 1304.
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TABLE 1. Crystal Data, Data Collection, and Refinement Details for 6, 7, 8a, 14, 16, 20 and 22

JOC Article

6 7 8a 14 16 22 20
formula GiaH1802 Ci3H1802 C19H19NOs C13H17NO4 C13H17NOs C12H1sNOs C12H14N206
mol wt 206.27 206.27 341.35 251.28 251.28 237.25 282.25
color, habit colorless, colorless, yellow, red, orange, orange, orange,
oval block plate prism plate prism plate
symmetry, orthorhombic ~ monoclinic, monoclinic, monoclinic, orthorhombic,  triclinic, monoclinic,
space group Pbca C2lc P2,/c P2i/n Pna2; P1 P2i/n
a, 15.5426(8) 22.4807(12) 16.2752(14) 8.8349(13) 11.139(5) 6.7561(14) 10.4534(8)
b, A 8.5151(4) 10.3086(5) 11.8402(10) 7.2041(11) 16.477(7) 9.3500(19) 14.3766(11)
c, A 17.1816(8) 22.0953(12) 8.8053(8) 19.113(3) 7.087(3) 9.6965(19) 9.4672(7)
o, deg 90 90 90 90 90 108.101(4) 90
B, deg 90 114.706(1) 97.757(2) 94.448(3) 90 91.717(4) 114.346(2)
y, deg 90 90 90 90 90 96.312(4) 90
v, A3 2273.9(2) 4651.8(4) 1681.3(3) 1212.8(3) 1300.8(9) 577.3(2) 1296.3(2)
z 8 16 4 4 4
Dcalca g €T3 1.205 1.178 1.349 1.376 1.283 1.365 1.446
w, mnrt 0.079 0.078 0.098 0.102 0.095 0.103 0.118
6 range, deg 2627.0 2.3-27.0 2.5-30.0 2.5-27.0 3.9-27.0 2.3-27.0 2.6-27.0
temp, K 173(2) 173(2) 100(2) 173(2) 297(2) 173(2) 173(2)
data collected 13178 14100 16693 5521 2645 4048 7067
unique data 2464 5033 4739 2601 2160 2419 2799
[Rnt = 0.021] [Rint = 0.019] [Rint = 0.026] [Rint = 0.055] [Rint = 0.039] [Rnt = 0.016] [Rnt = 0.019]
no. of params/restraints  140/41 285/82 229/67 168/49 191/76 157/46 185/54
R12 (F2 > 20(F?) 0.0420 0.0462 0.0429 0.0430 0.0489 0.0495 0.0409
WR2P (all data) 0.1209 0.1309 0.1231 0.1146 0.1303 0.1370 0.1232

ARL(F) = XIIFol — IFcll/XIFol. ®WR2(F?) = { T [W(Fo?— F)/ TI(W(Fo)7} 2

4a), 127.29 (C-8), 146.09 (C-8a), 147.66 (C-6); HRMS (ESI

Q-TOF) m/z calcd for GoH160, [MH] ™ 193.1223, found [MH}

193.1284.

p-Nitrobenzoate of 6-Tocopherol Model Compound (8a).
p-Nitrobenzoyl chloride (0.24 g, 1.3 mmol) and DMAP (0.095 g,

0.78 mmol) were added to the solution of 6-hydroxy-2,2,8-

trimethylchroman §, 50 mg, 0.26 mmol) in dichloromethane (26
mL). The solution was stirred at rt undeg For 2 h, triethylamine

(0.36 mL, 2.6 mmol) was added, and stirring was continued for 3

in vacuo. The residue was purified by flash chromatography (
hexane/diethyl ether, v/ 9:0.5) to give 2,2,8-trimethylchroman-
6-yl p-nitrobenzoate§a) in 94% yield: TLCR; = 0.42 (-hexane/
diethyl ether, v/v=8:2). The product was recrystallized twice from
methanol to obtain crystals suitable for X-ray crystallography.
4.2. Synthesis and Compound Characterization of Nitration
Products. General Procedure for the Nitration of Nona-
tocopherols and Model Compoundsinto the stirred solution of

the same nitration products as the above method, although the yields
were generally lower by 512%. Into the stirred solution of
tocopherol or tocopherol model compound (0.48 mmol) in absolute
ethanol (45 mL) was added dropwise aqueous nitric acid (35%, 2
mL) in 5 mL of ethanol. After completion of the reaction, usually
after 10 min at rt (TLC control), the orange reaction mixture was
worked-up and the product purified as given above.

7-Nitro- 5-tocopherol (13).-Tocopherol 2) was used as the

- ) starting material providing 7-nitrg-tocopherol 13) as an orange
h. The solvent and excess triethylamine were removed under q; (64%): TLCR; = 0.63 f-hexane/diethyl ether, v/ 9:1): *H
vacuum, and the remainder was redissolved in dichloromethane andymr & 1.83 (m. 2H. H-3). 2.18 (s. 3H. H-5a/8b). 2.36 (s. 3H
washed with a 5% aq NaHGQdried over MgS@ and concentrated 83 (m, 24, ). 2.18 (s, 3H, ), 2:36 (s, 3H,

H-5a/8b), 2.70 (t, 2H3J = 7.0 Hz, H-4), 10.32 (s, 1H;-OH); °C
NMR 6 11.6 (C-5a), 13.1 (C-8b), 21.7 (C-4), 23.9 (C-2a), 31.4
(C-3), 75.2 (C-2), 120.4 (C-5), 123.3 (C-8), 129.9 (C-4a), 136.6
(C-8), 145.6, 145.6 (C-6, C-8a), isoprenoid side chain: 19.7 (C-
44d), 19.8 (C-89, 21.0 (C-2), 22.7 (C-13), 22.7 (C-129, 24.5
(C-6), 24.7 (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), 37.6 (C-3), 39.3 (C-11), 39.7 (C-

1'). Anal. Calcd for GgH47OsN: C, 72.84; H, 10.26; N, 3.03.

tocopherol or tocopherol model compound (0.48 mmol) in absolute Found: C,72.93; H, 10.18; N, 2.99.

ethanol (45 mL) were added dropwise glacial acetic acid (1.8 mL)  4-3: Stereochemical Integrity.For the nitration experiments
and aqueous NaNOsolution (2% w/v, 27 mL, for model described, stt_areocheml_cally pur_eR(ZR,S’R)-tocopheroIs were
compounds and 25% w/v, 2.0 mL, for tocopherols). After comple- u_sed_. To clar_lfy a possible erosion of _the stereochgmlstry under
tion of the reaction, usually after 30 min at rt (TLC control), the Nitration conditionsy-tocopherol ) was nitrated according to three:
orange reaction mixture was neutralized with agueous KOH (20%, different procedures (Scheme 9): the above-given rather mild

wiv), diluted with water (90 mL), and extracted three times with Vvariant, a treatment with 1.2 equiv of concentrated HN&4—
n-hexane. The combined organic extracts were washed with water66%) in ethanol, and a treatment with b&F4 (5 equiv in diethy!
and with brine, dried over MgSQand concentrated in vacuo. The

nitrophenols'?1516.18gjving yields superior to the direct nitration
with nitric acid, which was confirmed in our study. Nitrite in acidic
medium undergoes immediate disproportionation to nitric acid (2 matographyif-hexane/diethyl ether, v/ 9:1) to afford 45-53%
equiv) and nitric oxide (1 equiv). The latter has an additional (relative to the starting-tocopherol) of possibly isomerized product,
which was subsequently analyzed by chiral HPLC (Chiracel OD-

beneficial effect, acting as trap for oxygen by reaction to,déd

ether followed by acidic workup), the latter two procedures applying
residue was purified by flash chromatography with a short path of deliberately drastic conditions. The obtained nitration product was
SiO, usingn-hexane containing 2% of diethyl ether as the eluant. reduced with Zn/AcOH/HCI to the amine, diazotated with NaNO
This procedure has been described to provide good yields of and the diazonium salt thermally reconverted into the starting
tocopherol, the reactions following standard procedures (Scheme
9). The retrievedy-tocopherol was prepurified by column chro-

thus minimizing oxidative side reactions. The nitric acid generates H, 250 x 4.6 mm,n-hexane/EtOH, v/v= 99.5/0.5, 1.0 mL/min,
the actual nitrating species NOby protonation and cleavage of

water.

In parallel, nitration was performed with HNQ@s the nitrating

UV detection at 220 nm). In no cas@ot even under those
purposely harsh conditiorsan epimerization at the chiral 2-C
chroman center took place. It is therefore assumed that also in the
agent according to the following procedure which generally gave reactions of3-tocopherol 2) andd-tocopherol 4) the (R4R,8R)
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stereochemistry was retained, although this has not been provemeed a correction in the case@fCCDC refcode WELHAW a-axis

experimentally for those tocopherol homologues. and b-axis were erroneously interchanged) and nonstandard unit
4.4. X-ray Structure Determination. X-ray data of compounds  cell settings for6 and7 (CCDC refcode WELHEA) were used in

6, 7, 8a, 14, 16, 20, and22 were collected on a diffractometer using  addition.

graphite-monochromated ModKradiation ¢ = 0.71073 A) and

0.3 w-scan frames covering hemispheres of the reciprocal space Acknowledgment. The work was financially supported by
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given in Table 1, and the molecular structures are shown in Schemes~roducts, Basel, for the chiral HPLC measurements.
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Supporting Information. Supporting Information Available: Complete crystallographic
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16 showed clear-cut disorder readily identifiable by weak Bragg 14, 16, 20 and 22. Preparation and NMR dataH, °C) of
scattering and strong diffuse scattering which did not disappear on 6-hydroxy-7-nitro-2,2,5,8-tetramethylchromafd4), 5-nitro-y-to-
reducing temperature. Depending on the structure refinement model,copherol {5), 6-hydroxy-5-nitro-2,2,7,8-tetramethylchromairéy,
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data deposited at The Cambridge Crystallographic Data Céntre

JO0706832
(35) SMART version 5.629;SAINT (data integration), version 6.45;
SADABS version 2.10SHELXTL, version 6.14. (37) Mukai; I.; Ohbayashi, S.; Nagaoka, S.-I.; Ozawa, T.; Azuma, N.
(36) Sheldrick, G. MSHELX97: Program System for Crystal Structure  Bull. Chem. Soc. JprL993 66, 3808-3810.
Determination University of Gdtingen: Gitingen, Germany, 1997. (38) Allen, F. H.Acta Crystallogr.2002 B58 380-388.

6512 J. Org. Chem.Vol. 72, No. 17, 2007



