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Oxidation of [1,2-*H]Cholesterol by Rat Liver Subcellular Fractions

Product yield, %=

~————Microsomal fractione——— ~——Microsomal + soluble fractions
With

Sterol Mitochondrial With linoleate Soluble Without With With
product fraction? linoleate¢ hydroperoxidese fraction’ NADPH¢ EDTA* gallate’
Ia 0.19 0.43 1.06 1.06 0.40 0.33 0.12 0.25 0.24
Ib 0.01 0.09 0.16 0.83 0.00 0.05 0.00 0.01 0.00
IIa 0.36 1.19 2.89 1.98 1.12 1.00 1.26 0.26 0.29
IIb 0.03 0.12 0.93 3.97 0.01 0.07 0.03 0.03 0.00
II1 0.83 2.58 6.92 8.94 2.35 3.40 0.98 0.33 0.98
Total 1.42 4.41 11.96 16.78 3.88 4.85 2.39 0.88 1.51

2 Radioactivity incorporated over control without enzyme.

generating system omitted. * With 4 mg EDTA.

quent thermal decomposition of Ib and IIb yielded Ia,
Ila, and III as secondary products.!® In that neither
the Sa-hydroperoxide IV nor its unique pyrolysis prod-
uct cholesta-4,6-dien-3-one!® was found, the participa-
tion of singlet molecular oxygen was excluded from
those oxidations.

Subcellular fractions of liver from adult (500 g) male
Sprague-Dawley rats incubated with [1,2-*H]cholesterol
and a NADPH-generating system (0.015 M Tris-HCI,
pH 6.8) at 30° for 2 hr under oxygen yielded the 7-
hydroperoxides Ib and IIb, the corresponding 38,7-diols
Ia and Ila, and the 7-ketone III, identified chromato-
graphically.3®-14  Neither the S5a-hydroperoxide IV
nor cholesta-4,6-dien-3-one was detected despite a care-
ful search.

Data of Table I show cholesterol oxidation was
greatest in the microsomal and combined microsomal-
soluble fractions. Sterol peroxidation was diminished
in the absence of NADPH, by boiling the enzyme or by
preincubation with trypsin, and was completely in-
hibited by | mM EDTA, by 1| mM propyl gallate, or by
dithionite. Carbon monoxide was without effect, as
was pretreatment of rats with phenobarbital. Addi-
tions of ethyl linoleate or ethyl linoleate hydroperoxides
markedly stimulated peroxidation.

The 7-ketone III predominated in most experiments
and accounted for approximately half of measured
products. The 7a- to 783-oxygenated product ratio
ranged from 1:1to 1:5 for the 7-hydroperoxides Ib and
IIb and from 1:1 to 1:10 for the 7-alcohols Ia and Ila,
thus emphasizing preference for the quasiequatorialls
epimers as previously demonstrated in other stud-
ies.® 1215 The 7-hydroperoxides were not specifi-
cally detected in every experiment where the secondary
products Ia, ITa, and III were found. However, it is
clear that Ia, Ila, and III derived from Ib and IIb and
that complex transformations of sterol hydroperoxides
occur in liver!!®*1% which may or may not be enzymic.
The same products Ia, I1a, and III result from pyrolysis!?
and from bimolecular disproportionation'’.of Ib and
IIb.

These sterol oxidations by liver microsomes are thus

(13) (a) J. E. van Lier and L. L. Smith, Steroids, 15, 485 (1970); (b)
J. I. Teng, M. J. Kulig, and L. L. Smith, J. Chromatogr., 75, 108 (1973);
(c) L. L. Smith, J. I. Teng, and M. J. Kulig, Steroids, 22, 627 (1973).

(14) L. L. Smith and F. L. Hill, J, Chromatogr., 66, 101 (1972).

(15) J. 1. Teng, M. J. Kulig, L. L. Smith, G. Kan, and J. E. van Lier,
J. Org. Chem., 38, 119 (1973).

(16) (a) E. G. Hrycay and P. J, O’Brien, Arch. Biochem. Biophys., 153,
480 (1972); (b) ibia., 157, 7 (1973).
a (;(7); O. Hellinger, H. Heusinger, and O. Hug, Biophysik, 6, 193

970).

¢ 10,000g pellet.
¢ With 0.01 mmol mixed ethyl linoleate hydroperoxides (soybean lipoxygenase derived).
i With 0.01 mmol propyl gallate.

¢ 105,000¢ pellet. < With 0.03 mmol ethyl linoleate.

7105,000g supernate. ¢ NADPH and NADPH-

similar to free radical oxidations of cholesterol by air!?
and by lipoxygenase and peroxidase.® The obvious
difference is the diminished stability of the initial prod-
uct hydroperoxides Ib and IIb in the microsomal
preparations. Our present data ‘suggest that the lipid
peroxidation system involves free radical processes and
not singlet molecular oxygen. Neither a putative
direct activation of ground-state molecular oxygen nor
disproportionation to peroxide anion and singlet
molecular oxygen of superoxide radical anion implicated
in lipid peroxidations*-d.5%1¢ js supported by our
results.'® Speculations implicating singlet molecular
oxygen in lipid peroxidation in rat liver, indeed in
enzyme reactions, should now be viewed with reserva-
tion.

Formation of the 7-hydroperoxides Ib and IIb from
cholesterol, while formally representing the action of a
microsomal dioxygenase, may not be enzymic or involve
a sterol-dioxygenase complex. Rather, the cholesterol
7-radical'®!7-20 necessary to formation of Ib and IIb
may derive in conjunction with generation of other lipid
radicals, !¢ superoxide radical anion,*d.3*18 hydroxyl
radicals resulting from interaction of superoxide and
peroxide anions,?! or yet other radicals.

(18) S. D. Aust, D. L. Roerig, and T. C. Pederson, Biochem. Biophys.
Res. Commun., 47, 1133 (1972).

(19) The dismutation of superoxide radical anion in organic solvents
has been reported to give singlet molecular oxygen under certain
circumstances; cf. (a) A, A. Khan, Science, 168, 476 (1970); (b) J.
Stauff, U. Sander, and W. Jaeschke in ‘“‘Chemiluminescence and Bio-
luminescence,” M. J. Cormier, D. M. Hercules, and J. Lee, Ed., Plenum
Press, New York, N. Y,, 1973, p 131; (¢) E. A. Mayeda and A. J. Bard,
J. Amer. Chem. Soc., 95, 6223 (1973).

(20) O. Hellinger, Biophysik, 6, 63 (1969).

(21) Hydroxyl radicals generated on dismutation of superoxide and
subsequent reaction of peroxide thereby formed with superoxide may
participate in enzymic and nonenzymic reactions; c¢f. (a) C, Beauchamp
and I. Fridovich, J. Biol. Chem., 245, 4641 (1970); (b) S. A. Goscin and
1. Fridovich, Arch. Biochem. Biophys., 153, 778 (1972).
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Kinetic Analysis of an Intramolecular Addition of a
Grignard Reagent to an Alkene

Sir:
Many cyclizations of unsaturated Grignard reagents
and (the reverse reactions) ring openings of strained
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cyclic Grignard reagents have been studied since the
initial observations! by Roberts and his coworkers of
the interconversion of 3-buten-1-yl and cyclopropyl-
methyl Grignard reagents.?=*2  Although rates of many
of these reactions have been observed, the contributions
to these rates by the various organomagnesium species
that might be present in the Grignard solutions have yet
to be established. In this communication, we report,
for the 5-hexen-1-yl (1) Grignard reagent in tetrahydro-
furan, a determination of the relative rates of cyclization
of RMgBr and RMgR, as well as the value of K, the
equilibrium constant for the Schlenck equilibrium (eq 1)

Ks
R:Mg 4 MgBr: = 2RMgBr (1)

that interconverts these organomagnesium species.
Cyclizations of 1 to 2 were followed by hydrolyzing
aliquots of solutions of organomagnesium compounds,
followed by glpc analysis of the resulting mixtures of
hydrocarbons 3 and 4. Tetrahydrofuran was chosen as

XMg/\b — 6ng
lHQO o
o O

the solvent because organomagnesium compounds gen-
erally are monomeric in it.'* “Single crystal” mag-
nesium was used to prepare Grignard solutions to avoid
possible catalysis by impurities in the metal.!*
Solutions containing only the dialkylmagnesium
compound were prepared by dioxane precipitation of
MgBr; from ether solutions of the Grignard reagent,

(1) M. 8, Silver, P, R. Shafer, J. E. Nordlander, C. Riichardt, and
J. D. Roberts, J. Amer. Chem, Soc., 82, 2646 (1960).

(2) D. J. Patel, C, L. Hamilton, and J, D. Roberts, J. Amer. Chem.
Soc., 87, 5144 (1965); M. E. H, Howden, A. Maercker, J. Burdon, and
J. D. Roberts, ibid., 88, 1732 (1966); A. Maercker and J. D. Roberts,
ibid., 88, 1742 (1966).

(3) E. A, Hill, H. G. Richey, Jr., and T. C. Rees, J. Org. Chem., 28,
2161 (1963).

(4) E, A, Hill and J. A. Davidson, J, Amer. Chem. Soc., 86, 4663
(1964); E. A, Hill, R. J. Theissen, and K. Taucher, J. Org. Chem., 34,
3061 (1969); E. A, Hill, R. J, Theissen, A, Doughty, and R. Miller,
ibid., 34, 3681 (1969); E. A. Hill and H.-R, Ni, ibid., 36, 4133 (1971);
E. A, Hill, J. Amer. Chem. Soc., 94, 7462 (1972).

(5) H. G. Richey, Jr., and T. C. Rees, Tetrahedron Lett., 4297 (1966);
H. G. Richey, Jr., and A. M. Rothman, ibid., 1457 (1968); H. G.
Richey, Jr., and W. C. Kossa, Jr., ibid., 2313 (1969).

(6) W. C. Kossa, Jr., T. C. Rees, and H. G. Richey, Jr., Tetrahedron
Lett., 3455 (1971).

(7) E. L. McCaffery and 8. W. Shalaby, J. Organometal, Chem., 3,
101 (1965); 8,17 (1967).

8) )S. A. Kandil and R. E. Dessy, J. Amer. Chem. Soc., 88, 3027
(1966).

(9) V. N. Drozd, Yu. A. Ustynyuk, M. A, Tsel’eva, and L. B, Dmi-
triev, J. Gen. Chem. USSR, 39, 1951 (1969).

(10) J. L. Derocque, U. Beisswenger, and M. Hanack, Tetrahedron
Lett., 2149 (1969).

(11) A, Maercker and R. Geuss, Angew. Chem., Int. Ed. Engl., 9,
909 (1970); A. Maercker and W. Streit, tbid., 11, 542 (1972); A.
h;[aer;ker and K. Weber, Justus Liebigs Ann. Chem., 756, 20, 33, 43
(1972).

(12) H. Felkin, J. D. Umpleby, E. Hagaman, and E. Wenkert,
Tetrahedron Lett., 2285 (1972).

(13) F. W. Walker and E. C. Ashby, J. .4nter. Chem. Soc., 91, 3845
(1969), and references cited therein.

(14) E. C. Ashby, H. M. Neumann, F. W. Walker, J. Laemmle,
and L.-C. Chao, J. Amer. Chem. Soc., 95, 3330 (1973).

and the solvent was replaced by tetrahydrofuran. The
cyclization at 100° of R (5-hexen-1-yl) to R’ (cyclo-
pentylmethyl) in such solutions followed first-order
kinetics.!* Essentially, identical rate constants (44.8 =
1.9 X 10-% sec—*)!%1¢ were obtained at different dialkyl-
magnesium concentrations in the range 0.08-0.17 M.
Although RMgR is the only reactant present initially,
as the reaction progresses, RMgR’ is expected to ap-
pear, and the rate should depend on both the first and
last terms of eq 2. Lack of systematic deviation from

rate = 2k{RMgR] + k[RMgBr] + ki [R’MgR] (2)

first-order plots indicates either that (a) k; ~ k; or (b)
that K for the equilibration (presumably rapid com-
pared to the isomerization of R to R’)' shown in eq 3 is
sufficiently large that [R’MgR] remains low. Since

Ks
2R’MgR 2 RMgR + R’MgR’ 3)

both R and R’ are six-carbon primary groups, it seems
far more likely that RMgR and R’MgR are similar
in reactivity than different in stability.

The isomerization of R to R’ in solutions of Grignard
reagents prepared from 5-hexen-1-yl bromide also fol-
lowed first-order kinetics. Essentially identical rate
constants (11.6 £ 0.3 X 10-% sec—1!)!5.18 were obtained
at Grignard reagent concentrations (expressed as con-
centrations of R + R’ groups = [R]o) in the range
0.11-0.40 M. Since this rate is only one-fourth of the
rate observed for RMgR, it is likely that at least three-
fourths of the R groups are present in RMgBr and that
this species is considerably less reactive than RMgR.
Consistent with this conclusion, the rate was decreased
further by addition of MgBr, (B = concentration of
added MgBrs), although the kinetics continued to show
no systematic deviations from first-order behavior.

The kinetic expression for the disappearance of R
(or appearance of R’) should be eq 2, but initially, before
[R’] is significant, eq 4 should apply. The observation

rate = 2k[RMgR] + ky([R]o — 2[RMgR]) (4)
where

(Rl — ARMgR))*
[RMeR] = "R (RMgR] + B)
—K.B — 4R, = VK(K.B® + 8B[R], + 4R}o)
2K, — 8

that, within experimental error, first-order kinetics and a
constant rate are exhibited throughout each reaction
(even those in which B is large and RMgBr may con-
tribute a significant portion of the rate) indicates that eq
4 can be applied not only initially but throughout a re-
action. Adherence of the kinetics to eq 4 throughout a
reaction requires (if ki1 ~ k;) that the ratio of R in
dialkylmagnesium species (RMgR and R’MgR) to R in
alkylmagnesium bromide (RMgBr) remains essentially
constant. This would be the case if the values of K,

(15) The rate constant derived for each kinetic run was the average
of the essentially identical constants obtained for the disappearance
of 3 and the appearance of 4.

(16) Average and mean deviation of four kinetic runs. )

(17) For example, H, O. House, R. A, Latham, and G. W. White-
sides, J. Org. Chem,, 32, 2481 (1967).

(18) Average and mean deviation of six kinetic runs.
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K., and K, are similar,!® reasonable since R and R’ are
both primary.

Ky
R’MgR + MgBr: > RMgBr + R'MgBr 5
Ku
R’MgR’ + MgBr: 72 2R’'MgBr (6)

Since k., B, and [R], are known, k; and K; can be
determined from eq 4. This task is simplified by noting
that when [R:Mg] «< [R]o and B, then the observed rate
constant is approximated by eq 7. Values of K; =

i 2kilRly
obsd = KSB

42.1 and of k, = 1.00 X 10-® sec~! are obtained from a
plot of 2ki[R]o/ B against konsa.  Usingthese values in the
more exact equation {eq 4) gives calculated rates in good
agreement with the observed ones, particularly con-
sidering the errors in the approximation used to derive
K, and k, and in the experimental determinations of
rate, [R]o, and B. The approximate equation (eq 7)
should provide too large a value for K., and indeed a
somewhat better agreement is obtained for slightly
smaller values (K. ~ 35). Since k, is much smaller than
ki and at the largest B (0.18 M) that could conveniently
be used, the dialkylmagnesium species still contributed
significantly to the rate, the determination of k, is sub-
ject to considerable error. Nevertheless, a much larger
value of k, seems unlikely since at the highest value of B
that was used, the observed rate was <2 X 10-% sec—1.
A value much nearer zero also seems unlikely, since then
the agreement between calculated and observed rates
(for any value of K,) is not as satisfactory at both high B
and at B = 0. Therefore, we conclude that k&; = 44.8
X 10=¢ sec™!, ko ~ 1 X 10-¢ sec~?, and K, ~ 30-40.2°

Previous observations® of dependence of rate on the
presence of substitutents at >C=C< and at -CMgX
suggest that both the alkene and Grignard functions are
involved in the rate-determining step. The present
results indicate that this involvement can be no more
than “first order” in each function. This conclusion is
similar to the recent findings by Ashby and his coworkers
that the transition states for addition in ether of methyl-
magnesium chloride or dimethylmagnesium to 2-methyl-
benzophenoite or to benzonitrile contain only one mole-
cule of organomagnesium species and one of ketone
or nitrile. 2!
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+ k» Q)

(19) This would be precisely the case if Ky = K¢/2 = K.

(20) Extrapolation from activation parameters obtained at lower tem-
peratures [M, B. Smith and W. E. Becker, Tetrahedron, 23, 4215 (1967)]
gives a value of K = 38 for the ethy! Grignard reagent (prepared from
the bromide) in tetrahydrofuran at 100°.

(21) J. Laemmle, E. C. Ashby, and H. M. Neumann, J. Amer. Chem.
Soc., 93, 5120 (1971); E. C. Ashby, J. Laemmle, and H. M. Neumann,
ibid., 94, 5421 (1972); E. C. Ashby, L.-C. Chao, and H. M. Neumann,
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[6]Paracyclophane!
Sir:

Benzene is flat. Every undergraduate chemistry
student learns early in his career that the extraordinary
stability of benzene is associated with the cyclic overlap
of six p orbitals. Planarity assures ideal overlap and
thus maximizes the attendant stability. Naturally
chemists have addressed themselves to the question of
how much bending a benzene ring can withstand without
giving up its ‘‘aromatic character.” 2 The most
successful experimental approach has been through the
construction of [m,n}- and [m]paracyclophanes in which
the para positions are bridged with ever-shortening
chains.® The current limits in the [m] series are marked
by Allinger and Walter’s synthesis in 1972 of [7]para-
cyclophane-3-carboxylic acid* and our report last year
of the formation of the parent hydrocarbon.? Here we
describe the extension of our method and the construc-
tion of [6]paracyclophane.

Ketone 1 was synthesized from cycloheptane carbox-
aldehyde and methyl vinyl ketone and converted to the
tosylhydrazone (2) in unexceptional fashion. Flash
pyrolysis of the lithium salt 3 at 250-400° led to 4 as
well as alkyl- and alkenylbenzenes. The yield of 4

Lt
0 NNHTs NNTs
. —_ A,
)H
1 2 3 4

measured by gas chromatography was as high as 5-109,
but the isolated yields were much lower because of the
tedious gas chromatography required to separate 4 from
other compounds. Purification was not a problem in
the [7] series and, with luck, will not generally be a
difficulty.® v

Mass spectrometry established the composition as
Ci2H;6 (precise mass 160.128135; caled 160.125194) and
revealed the major fragmentation to involve formation
of CsHs, probably p-xylylene. The ultraviolet spectrum
[EtOH, nm (log €): 212 (4.3), 253 (4.0), 296 (2.8)] is
only moderately shifted from that of [7]paracyclophane.?
The 60-MHz, room temperature pmr spectrum showed
four approximately four-proton signals at 7 2.83
(singlet), 7.51 (broad triplet), 8.85 (center of multiplet),
and 9.67 (center of multiplet). The 100-MHz spectrum
is sharper at 90° but broadened considerably and other-
wise changed at —80°. At the lower temperature the
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through Grant GP-30797X and by the donors of the Petroleum Research
Fund, administered by the American Chemical Society, is gratefully
acknowledged.
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Lett., 4623 (1973).

(3) Forreviews see D, J. Cram and J, M. Cram, Accounts Chem. Res.,
4, 204 (1971); B. H. Smith, “Bridged Aromatic Compounds,” Aca-
demic Press, New York, N. Y., 1964,

(4) N. L. Allinger and T. J. Walter, J. Amer. Chem. Soc., 94, 9267
(1972).

(5) A.D. Wolf, V. V, Kane, R, H. Levin, and M. Jones, Jr., J. Amer.
Chem. Soc., 95, 1680 (1973).

(6) Best results were obtained by either sequential passes through a
6-ft, 1097 DC 710 silicone oil column and a column composed of a 1:1
mixture of 6% Bentone 34 and 6% didecyl phthalate or single passes
through a 109 OV-1 column. Either way is tedious.

Communications to the Editor



