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Table 1. Incorporation of 130 from '*0, into the Carboxyl Group of
Glycolic Acid Obtained from the Products of Bleomycin-Mediated
Cleavage of DNA

activating reaction % (1-1%0)glycolic
“pulse” “chase” acid?
130,/ Fe(11) 180, 98.1,% 92.4,° 95.54
180, /Fe(11) 150, 3.5
160,/ Fe(II) 180, 89.7°
H,0,/Fe(I1I) 130, 94.8%

4Percent enrichment relative to O, in the chase. *DNA from calf
thymus. <poly d(AT). ¢d(CGCGCG).

the thiobarbituric acid method.* The glycolate salt was converted
to a di-TMS derivative by heating at 60 °C with 10-20 uL of
50% N,O-bis(trimethylsilyl)trifluoroacetamide in acetonitrile.
Aliquots of 1-5 uL were then analyzed directly by GC-MS.
Relative amounts of unlabeled and (1-'%0)glycolic acid were
determined from the average intensities of the M—CHj; ions of
the silylated derivatives at m/e 205 and 207, respectively, after
correcting the mass spectrum for the natural abundance of the
other stable isotopes.!®

When iron(1I) bleomycin!!1? was allowed to react with calf
thymus DNA, poly-d(AT), or d(CGCGCG) under an atmosphere
of 180,, 92-98% of the isolated glycolic acid was singly labeled
with 180 at C1 (Figure 1). No label was incorporated at C2,
as indicated by the lack of enrichment at m/e 161,'* nor was any
doubly labeled product observed. Control experiments using
(1,1-130,) glycolic acid showed that approximately 2-5% of the
label is lost due to exchange with solvent during the workup. We
therefore believe that these values reflect full incorporation of a
single atom from O,.

In order to distinguish between the O, involved in drug acti-
vation and the second O, required for the formation of 3’-
phosphoglycolate termini, a “pulse-chase” method was employed.
In a typical experiment,!? an anaerobic solution of iron(1I)
bleomycin was activated with a “pulse” of 160, or 180,.14 After
allowing 60 s for all of the iron(1I) bleomycin to be consumed, s
the solution was evacuated briefly and purged with #Q, or 160,
and then an anaerobic solution of calf thymus DNA was imme-
diately added. In another experiment, DNA was combined with
iron(ITT) bleomycin and H,0, under 130,16 Under these con-
ditions, molecular oxygen does not participate in drug activation.!®
The results of these experiments, summarized in Table I, clearly
demonstrte that the oxygen incorporated at deoxyribose C-4/ is
primarily, if not exclusively, derived from the second O, re-
quirement and not the bound oxygen of activated bleomycin.!?
This supports current hypotheses®® which contend that C3’-C4/
bond cleavage is initiated by the addition of O, to a bleomycin-
induced deoxyribose C4’ radical. The course of the reaction
beyond this step remains somewhat obscure. It is frequently
speculated that the resulting peroxyl radical is reduced to form
a 4’-hydroperoxide which then undergoes a Criegee-type rear-
rangement!’ or some similar decomposition®*!® resulting in

(10) Berry, J. A.; Osmond, C. B; Lorimer, G. H. Plant Physiol. 1978, 62,
954-967.

(11) Bleomycin sulfate (Blenoxane) was a gift of Bristol Laboratories.

(12) Typical final concentrations in experiments with iron(II) bleomycin:
Tris buffer, pH 7.5, 10 mM; bleomycin, 1 mM; Fe(NH,),(SO,),, 0.9 mM;
DNA, | mM in nucleotides in a total volume of 500 uL.

(13) Peterson, G. Tetrahedron 1970, 26, 3413-3428,

(14) The stoichiometry of O, consumption in the absence of DNA has been
shown to be 0.5 mol of O, per mol of iron(II) bleomycin,'* resulting in
production of a 1:1 mixture of iron(III) and activated bleomycin.!* In these
experiments, oxygen was added as a saturated solution in H,O.

(15) Horwitz, S. B.; Sausville, E. A.; Peisach, J. In Bleomycin. Chemical,
Biochemical, and Biological Aspects; Hecht, S. M., Ed.; Springer-Verlag:
New York, 1979; p 170-183.

(16) Final concentrations in experiments with iron(III) bleomycin: Tris
buffer, pH 7.5, 10 mM; bleomycin, 0.25 mM; Fe(NH,)(SO,),, 0.25 mM;
H,0,, 0.75 mM; DNA, | mM in a total volume of 500 uL.

(17) Saito, I.; Morii, T.; Matsura, T. Nucleic Acid Res. Symp. Ser. 1983,
No. 12, 95-98.

(18) Burger, R. M; Projan, S. J.; Horwitz, S. B.; Peisach, J. J. Biol. Chem.
1986, 261, 15955-15959.
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C¥—C4’ bond cleavage. Further experiments intended to elaborate
these points are in progress.
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Oxidation chemists have long envied natural oxidation enzymes
which can achieve remarkable control over oxidation selectivities
while using molecular oxygen and a reducing cofactor at room
temperature. The natural monoxygenase enzymes, cytochrome
P 450, display the ultimate in substrate selectivity! (choosing
between substrates of different size or shape), while the w-hy-
droxylases are even more remarkable in their ability to regiose-
lectively hydroxylate the terminal methyl group of unactivated
alkanes.? Selectivity is imposed in these natural systems by virtue
of selective substrate binding or orientation relative to the active
oxidant by the protein itself. We have sought to mimic the high
selectivities of these natural systems by using zeolite catalysts,
utilizing the similarities between cavities in a zeolite and those
in the protein tertiary structure of oxidizing enzymes.> We have
now designed a system containing Pd(0) and Fe(II) in a zeolite
which, in an oxygen/hydrogen atmosphere, should generate hy-
drogen peroxide at the palladium sites* and then use that peroxide
to do Fenton’® or Udenfriend® type chemistry at the iron sites on
any organic substrate which is concurrently present in the pore
system. Since such chemistry can be constrained to occur in such
a shape-selective environment, we anticipated considerable se-
lectivity in the ensuing oxidation products. We now wish to report
just such a result in the competitive oxidation of cyclohexane/
n-octane mixtures, where dramatic substrate selectivity is evident
combined with a regioselectivity of n-alkane oxidation comparable
to the that of w-hydroxylases.

Iron(II) ion exchanged zeolite SA” (Si/Al ~ 1.2) is subse-
quently ion exchanged with palladium(II) tetramine chloride, to
give a material containing ~1 wt % Fe and ~0.7 wt % Pd.

* Contribution No. 4237.

(1) White, R. E.; Coon, M. J. Annu. Rev. Biochem. 1980, 49, 315,
Gunsalus, I. C,; Sligar, S. C. Adv. Enzymol. Relat. Areas Mol. Biol. 1978,
47, 1.

(2) Hamberg, M.; Samuelsson, B.; Bjorkhem, L.; Danielsson, H. Molecular
Mechanisms of Oxygen Activation, Hayaishi, O., Ed.; Academic: New York,
1974; p 29.

(3) Our previous work has demonstrated the parallels between zeolite
chemistry and that of biological systems: Herron, N.; Tolman, C. A.; Stucky,
G.D. J. Chem. Soc., Chem. Commun. 1986, 1521. Herron, N. Inorg. Chem.
1986, 25, 4714,

(4) Hooper, G. W, Br. Patent 1056 121, 1967 to ICL. Dyer, P. N.; Mosely,
F. U.S. Patent 4 128627, 1978 to Air Products. Kim, L.; Schoenthal, G, W.
Ger. Patent 2615625, 1976 to Shell. Izumi, Y.; Miyazaki, H.; Kawahara,
S. U.S. Patent 4009 252; 1977 to Tokuyama Soda. Eguchi, M.; Morita, N.
Kogyo Kagaku Zasshi 1968, 71, 783.

(5) Groves, J. T.; van der Puy, M. J. Am. Chem. Soc. 1974, 96, 5274,

(6) Udenfriend, S.; Clark, C. T.; Axelrod, J.; Brodie, B. B. J. Biol. Chem.
1954, 208, 731. Hamilton, G. A. J. Am. Chem. Soc. 1964, 86, 3391.
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Figure 1. Selectivities in the oxidation of a 1:1 (volume) mixture of
n-octane and cyclohexane. Substrate selectivitites are on a molar basis.
Regioselectivities along the chain have been normalized for the relative
number of hydrogens at each chain position with the activity at the
2-position in the chain assigned a nominal activity of 1.0. Bars represent
the total of all products (alcohols plus ketones) derived from a given.
reactant or at a given position within each reactant: (a) amorphous
silico—aluminate support; (b) zeolite SA support after water addition; (c)
zeolite SA after acid dissolution; (d) zeolite SA with 2,2’-bipyridine as
poison after acid dissolution.

Calcination in oxygen (400 °C) followed by reduction in hydrogen
(150 °C) generates a well-dispersed Pd(0) phase.® A typical
oxidation run used 500 mg of such a catalyst in 10 ¢m? of hy-
drocarbon subjected to a pressure of 15 psig hydrogen and 40 psig
oxygen at 25 °C for 4 h in a glass-lined shaker tube (Beware of
explosion hazard; all such procedures must be carried out in an
appropriately rated barricade area). Samples were worked up
by a preliminary addition of water (4 cm?) to displace hydrophillic
oxidation products from the zeolite surface with subsequent GC
analysis of the organic phase. A further addition of concentrated
sulfuric acid (1 cm) with stirring for 1 h to dissolve the zeolite
particles released any oxidation products trapped inside the pore
system, which were then detected with a second GC analysis of
the organic phase. Asa means of estimating the selectivity im-
posed by the zeolite, a control catalyst was also prepared with an
amorphous silico-aluminate (Si/Al ~ 1.2) as the oxide support
where there is no internal pore system and so all chemistry must
occur on the “non-shape-selective” exterior surface.

When a 1:1 mixture (by volume) of n-octane and cyclohexane
is subjected to this oxidation the results are as shown in Figure

(7) Breck, D. W. Zeolite Molecular Sievers; Krieger: Malabar, FL, 1984,
(8) Poutsma, M. L.; Elek, L. F.; Ibarbia, P. A.; Risch, A. P.; Rabo, J. A.
J. Catal. 1978, 52, 157.
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la. The amorphous silico-aluminate control catalyst shows
moderate activity (~75% yield based on iron, ~205% based on
palladium, or ~0.5% based on hydrogen at 0.15% conversion),
with the expected lack of any real substrate selectivity (oc-
tane/cyclohexane oxidation = 0.9), and a regioselectivity of octane
oxidation products (primary H/secondary H oxidation = 0.05)
which is not typical of hydroxyl radical oxidation in an aqueous
system (prim/sec ~0.2%). The detected products did not change
in either quantity or distribution from the initial water addition
to the dissolution in the acid step of the workup. All products
are released from the catalyst surface following the initial water
addition in this case. With the SA catalyst this is not the case.
Analysis of the organic phase after initial water addition detects
a small quantity of oxidized products with a distribution (Figure
1b) almost identical with the amorphous silico-aluminate control
which we ascribe to that oxidation which has occurred at the
exterior surface of the zeolite particles. Following dissolution in
acid, however, the product quantity and distribution are dra-
matically changed with a 5-fold increase in products being entirely
due to octane oxidation species (Figure 1c). The substrate se-
lectivity now shows an octane/cyclohexane ratio of 6 while the
regioselectivity of octane products shows primary/secondary ox-
idation of 0.54. Presumably, all of the additional oxidized products
from the acid dissolution have come from the zeolite interior where
they were trapped because of their physical size (zeolite SA has
5-A eight-ring windows which are extremely selective for ad-
sorption or release of unsubstituted linear alkanes to the exclusion
of cyclic or branched species’). Thus this increase in products
represents those which were generated inside the zeolite.

The addition of a small amount of 2,2’-bipyridine to the oxi-
dation medium acts as a poison of the iron activity, presumably
due to coordination to produce a redox inactive complex. The
poison’s size dictates that only exterior surface iron sites are
accessible, and we find no evidence of oxidation products prior
to the acid dissolution of the zeolite when the bipyridine is used.
This provides a means of establishing the intrinsic selectivity of
the interior zeolite sites only (Figure 1d). This shows a substrate
selectivity of octane/cyclohexane of >190 and a regioselectivity
primary/secondary oxidation of 0.67. Such regioselectivity is
superior to that reported by Suslick!® for (porphyrinato)iron (0.3)
and the best manganese systems (0.53) with iodosobenzene ox-
idant.

Comparison of the oxidation products from the linear alkanes
pentane, octane, and decane by such a zeolite system (Figure 2)
shows that the regioselectivity of the oxidation is almost inde-
pendent of chain length. In all three cases, the prim/sec oxidation
ratio is very close to 0.6 for the first three atoms in the chain. This
result stands in contrast to that of Suslick et al.,!° who noted a
marked chain length dependence in regioselectivity with hindered
porphyrin systems. This implies that the rigid zeolite framework
is exerting a much tighter control over the substrate conformations
during oxidation of short-chain alkanes than the flexible organic
periphery of the porphyrin systems can impose.

The mechanism for oxidation in these systems appears to involve
the expected generation of hydrogen peroxide at Pd(0)* rather
than reduction of an iron-coordinated dioxygen species by a
palladium hydride,!! since a physical mixture of a Pd zeolite and
a Fe zeolite is also capable of hydrocarbon oxidation in solvents
in which hydrogen peroxide is somewhat soluble and hence mi-
gratory.'? The nature of the actual oxidizing species as either
anhydrous hydroxyl radicals or a high-valent iron—oxo unit (which
we prefer) is unknown, but our results do confirm that very se-
lective oxidation can be achieved with a very nonselective potent

(9) Shilov, A. E. Activation of Saturated Hydrocarbons by Transition
Metal Complexes; D. Reidel: Dordrecht, Holland, 1984; p 109.

(10) Cook, B. R; Reinert, T. J.; Suslick, K. S. J. Am. Chem. Soc. 1986,
108, 7281.

(11) Tabushi, I.; Koga, N. In Biomimetic Chemistry; Dolphin, D.,
McKenna, C., Murakami, Y., Tabushi, I., Eds.; Advances in Chemistry 191;
American Chemical Society: Washington, DC, 1980; p 291. James, B. R,
Ibid. p 253. Tabushi, I.; Yazaki, A. J. Am. Chem. Soc. 1981, 103, 7371.

(12) Rebek, J. Tetrahedron 1979, 35, 723.
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Figure 2. Regioselectivities along the chain of n-pentane, n-octane, and
n-decane normalized for the relative number of hydrogens at each chain
position (with activity at the 2-position normalized to 1.0).

oxidant by forcing such an oxidant to operate in a shape-selective
environment.!> We believe the substrate selectivity observed is
a consequence of the sorption selectivity of the SA zeolite while
the w oxidation selectivity arises from the very close fit of alkane
to pore size which essentially constrains it to have an extended
“linear” conformation. Thus the methyl end groups are the first
to-encounter (and so be oxidized by) the iron active sites in the
six-ring faces of the zeolite supercages.

The overall activity of the SA zeolite system is lower than the
control, with 30% yield based on iron in this batchwise experiment.
However, a recovered, calcined, and dried catalyst can be reused
with the same initial activity as virgin material. We believe that
a combination of organic oxidation products and the water by-

(13) This concept has previously been demonstrated for severely hindered
porphyrin systems: Nappa, M. J.; Tolman, C. A. fnorg. Chem. 1985, 24,4711.
Suslick, K.; Cook, B.; Fox, M. J. Chem. Soc., Chem. Commun. 1985, 580.
In micellar media: Sorokin, A. B.; Khenkin, A. M.; Marakushev, S. A.; Shilov,
A. E.; Shteinman, A. A. Dokl. Akad. Nauk SSSR 1984, 279, 939.
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product of the H,/O, reaction fills the zeolite interior and
eventually stops access of further hydrocarbon substrate to the
active sites. It should be noted that, on the basis of the pressure
drop during the course of the reaction, more than 95% of the
H,/O, mixture consumed gives water rather than oxidized or-
ganics.

This completely inorganic system demonstrates a remarkable
similarity to the natural monoxygenase enzymes in that (1) it will
take molecular oxygen at room temperature in the presence of
a reducing agent and perform partial oxidation on an unactivated
alkane and (2) such oxidations can be made to exhibit tremendous
substrate selectivity combined with a regioselectivity reminiscent
of the w-hydroxylases. Preliminary results with other zeolite hosts
(e.g., ZSM-5) have already demonstrated that if the pore system
is larger, then products can be completely removed without zeolite
dissolution. However, in such cases the selectivities are reduced.
Finally, we note that the oxidation of aromatic substrates with
identical systems is much more efficient, giving up to 30 catalytic
turnovers based on iron with good substrate selectivities and
regioselectivities. Full details of such studies will be reported in
a future publication.
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The ene reaction of the N-sulfinylcarbamate of trans-2-
phenylcyclohexanol®® with simple cis-alkenes proceeds to form
allylic sulfinamides with high levels of both absolute stereochemical
as well as regiochemical control. In turn, these products can be
readily converted to allylic alcohols. Overall, these two processes
represent a net allylic oxidation with retention of double-bond
regiochemistry that is effected with reagent-based control of
absolute stereochemistry.

Over the past 15 years, Kresze! has studied extensively the
thermal ene reactions of N-sulfinylcarbamates, from which it can
be concluded that, in general, the regiochemical outcome can be
predicted based upon a concerted transition-state model that is
quite productlike. Thus, the major product from the reaction with
unsymmetrical alkenes is that with the more highly substituted
double bond. Our initial attempts to impose the absolute ste-
reochemical bias? of chiral auxiliaries in thermal ene reactions
with the N-sulfinylcarbamate of phenylcyclohexanol (1)34 led to
only modest levels of control. In contrast, reaction of 1 with a
number of alkenes in the presence of slightly more than 1 molar
equiv of tin tetrachloride® led to adducts with practical levels of

(1) For leading references, see: Muensterer, H.; Kresze, G.; Lamm, V.;
Gieren, A. J. Org. Chem. 1983, 48, 2833. Schwobel, A.; Kresze, G. Synthesis
1984, 945.

(2) High levels of asymmetric induction have also been observed in the
cycloaddition of N-sulfinylcarbamates with dienes. See: Whitesell, J. K.;
James, D.; Carpenter, J. F. J. Chem. Soc., Chem. Commun. 1985, 1449,

(3) Whitesell, J. K.; Lawrence, R. M. Chimia 1986, 40, 318.

(4) Whitesell, J. K.; Chen, H.-H.; Lawrence, R. M. J. Org. Chem. 19885,
50, 4663.

(5) We have also found that levels of asymmetric induction are increased
dramatically by tin tetrachloride in the ene reactions of chiral glyoxylates®
and in the cycloaddition reactions of N-sulfinylcarbamates with dienes.?

(6) Whitesell, J. K.; Bhattacharya, A.; Buchanan, C. M.; Chen H.-H,;
Deyo, D.; James, D.; Liu, C.-L.; Minton, M. A. Tetrahedron, Symp. Print
1986, 42, 2993.

(7) Bussas, R.; Muensterer, H.; Kresze, G. J. Org. Chem. 1983, 48, 2828.
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