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During the past 15 years, studies on the Diels—Alder reaction!
have produced dramatic results. The pronounced rate enhance-
ments and improved stereoselectivities observed to date have been
associated with cycloadditions conducted in (1) aqueous media?
and (2) conventional organic solvents under ultrahigh pressure
(8-20 kbar).> While seemingly the result of two independent
physical processes, it is most likely that there is a direct relationship
between the rate acceleration observed when high pressure is
applied to a Diels—Alder reaction and the rate enhancement ob-
served in a solvent, like water, possessing a “high” internal solvent
pressure. On the basis of this supposition, it seems logical to
conclude that solvents (media) that possess internal solvent
pressures equal to or greater than that of water should provide
comparable rate accelerations for intermolecular cycloaddition
processes. Herein, we report our findings, which show that 5.0
M lithium perchlorate in diethyl ether? is a powerful medium for
facilitating [4 + 2] cycloaddition reactions. Diels-Alder adducts
that hitherto were inaccessible via conventional means can now
be realized through the agency of this remarkable medium.

In a preliminary study, ethyl acrylate, dissolved in a 5.0 M
solution of lithium perchlorate’ in diethyl ether, was treated with
1.0 equiv of cyclopentadiene (eq 1). After 5 h at ambient tem-
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perature and pressure, a 93% isolated yield of cycloadducts
possessing an endo:exo ratio of 8:1 was obtained. For comparison
purposes, the reaction between cyclopentadiene and ethyl acrylate
was conducted in water. After 5 h, a 73% yield of cycloadducts
possessing an endo:exo ratio of 4:1 was obtained. The enhanced
endo selectivity and reaction rate observed above in 5.0 M Li-
ClO,/Et,0, coupled with the fact that the vast majority of organic
compounds are insoluble in water and that water precludes the
use of water-sensitive substrates, led us to explore further the
potentiéil of this unique solvent system for the Diels—Alder re-
action.
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(5) Lithium perchlorate solutions in diethyl ether have previously been
employed to accelerate reactions with polarized transition states.® In contrast,
the rates of intermolecular Diels—Alder reactions are essentially independent
of solvent polarity, varying at most by | order of magnitude.

(6) Over 30 years ago, Winstein (Winstein, S.; Smith, S.; Darwish, D. J.
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endo selectivity enhancements for the Diels—Alder reaction between cyclo-
pentadiene and methyl acrylate; however, the reaction rate was 1 order of
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Table 1. [4 + 2] Cycloadditions Employing 5.0 M Lithium
Perchloraie in Diethyl Elher?
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¢ All reactions were performed 1.0 M in diene and 0.2 M in dieno-
phile unless siated orherwise. ?lsolated yields. ¢Yield of 94% after 24
h at 60 °C (neat).’ “Yield of <20% after 24 h in water. ¢Yield of
50% after 12 h in waler. /Yield of 27% afier 24 h in water. £C(14)-
BH:C(14)cH ratio equal 2.3:1. *Yield of 90% after 4.5 in waler, em-
ploying 1he dienc carboxylale. Use of 1he dienoic acid in water was
slow. "Yield of 60% after 24 h in waler, /3.0 equivalents of diene were
cmployed. *The reaction is worked up with methanol to cleave the
imino cther. ! Yield of 74% (endo:exo ratio 1:11.5) after 72 h in benz-
ene at 60 °C.° ™An endo:exo ralio of 2.9:1 was observed in 5.0 M
LiCl10,-Et,0. "An endo:exo ratio of 1:3.7 was observed in 5.0 M Li-
Cl0,-E1,0. °Yield of 73% (endo:exo ratio of 1:9) after 48 h in benz-
cne al 60 °C.°

Table II. Reaction of Dienophile 1 with Furan at Ambient
Temperature and Pressure in Varying Concentrations of Lithium
Perchloraie in Diethyl Ether?

molarity % yield® ralio (2:3)°
1.0 15 85:15
2.0 22 87:13
3.0 36 86:14
40 62 83:17
5.0 70 85:15

2 All reactions were run 0.5 M in dienophile for 9.5 h in the presence
of 10 equiv of furan. ®Isolated yields. ¢Ratios determined by 'H
NMR.

The procedure detailed above employing 5.0 M LiClO, in
diethyl ether is applicable to a variety of substrates (Table I).
Note that all reactions are homogeneous and were conducted at
ambient temperature and pressure. All reactions exhibited pro-
nounced rate accelerations and improved yields. In those cases
involving water-sensitive substrates (entries 1, 7, and 8), reactions
proceeded smoothly in excellent yield. For example, the {4 + 2]
cycloaddition of the aza diene in entry 7 with methyl acrylate is
complete after 5 hin 5.0 M LiClQ,/Et,0, giving rise to an 80%
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yield of cycloadduct, whereas the same reaction in benzene® re-
quires 72 h at 60 °C in order to realize a 74% yield of product.

In order to fully define the scope of 5.0 M lithium perchlorate
in diethyl ether as a medium for effecting Diels—Alder reactions,
we set out to examine the reaction of furan with 2,5-dihydro-
thiophene-3.4-dicarboxylic anhydride (1). Furan is a poor
Diels—Alder diene due to its aromaticity and generally requires
pressures in the range of 10-20 kbar to effect cycloaddition.'®
High temperatures are not compatible with furan Diels—Alder
chemistry since the cycloaddition products derived from furan
undergo cycloreversion at high temperatures. In his classic syn-
thesis of cantharidin,!' Dauben found that the reaction of furan
with dienophile 1'% in methylene chloride required 6 h under 15
kbar of pressure in order to realize an 85:15 mixture of cyclo-
adducts 2 and 3. In sharp contrast, the Diels—Alder reaction
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between furan and dienophile 1 in 5.0 M lithium perchlorate in
diethyl ether proceeded at ambient temperature and pressure,
giving rise (70% yield) after 9.5 h to cycloadducts 2 and 3 in an
85:15 ratio. A systematic examination of this reaction confirmed
a direct correlation between reaction rate and molarity, with the
rate increasing on going from 1.0 to 5.0 M lithium perchlorate
in diethyl ether (Table IT).

Equally remarkable was the observation that exposure of me-
thylbenzoquinone to cyclopentadiene in 5.0 M lithium perchlorate
in diethyl ether for 10 h at room temperature and atmospheric
pressure afforded in 74% yield bis adducts 4 and § in a 6:1 ratio.
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Admixture of cyclopentadiene and methylbenzoquinone in diethyl
ether without lithium perchlorate gives rise in excellent yield to
the 1:1 Diels—Alder adduct 6 with no evidence for the formation
of bis adducts 4 and 5. It is of interest to note that the formation
of bis adducts 4 and § has been reported to occur at high pres-
sure.'> For example, heating a toluene solution of cyclopentadiene
(large excess required due to competing diene dimerization) and
methylbenzoquinone at 75 °C under 7895 atm overnight affords
4 and § in 60% yield.

The ease with which these normally demanding cycloadditions
proceed points to the operation of factors that are not adequately
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explained in the current literature. The ability of 5.0 M Li-
ClO,~Et,0, a unique ionic medium, to confine solute movement
and hence retain solvent ordering may well be responsible for the
observed rate accelerations by compressing the reactants in much
the same manner as the “macroscopic” application of external
pressure.’> As the Diels—Alder reaction is known to possess a
large negative volume of activation, this action would serve to raise
the ground-state energy of the reactants relative to the transition
state, thereby lowering the activation energy.

In conclusion, the utilization of 5.0 M lithium perchlorate in
diethyl ether to promote intermolecular {4 + 2] cycloaddition at
ambient temperature and pressure has been established, thus
permitting the use of water-sensitive substrates and obviating the
necessity of effecting these chemical reactions at high temperatures
and ultrahigh pressures.
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(15) The possibility that lithium perchlorate is stabilizing a polar transition
state has not been ruled out; however, the observed rate accelerations cannot
be fully accounted for by this mechanism alone.
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Mitomycin C (1), a proven antineoplastic agent of clinical
significance,! is believed to require reductive activation prior to
bonding to DNA.2  Despite 25 years of intense research our
understanding of the reductive process is limited. Uncertainty
exists in the specific reduction and ionization states in 1 necessary
for the C-1 and C-10 drug bonding steps.? In this communication,
we report on the first use of transition-metal ions for the activation
of mitomycin C. Employment of Cr(ClO,), as a one-electron
reductant? has dramatically altered the reactivity pattern of the
two DNA-bonding sites within 1.2 Moreover, analysis of the data
permitted us to propose a detailed description of the molecular
events necessary for complete drug function.

Two different Cr(ClO,),-mediated reductive techniques were
developed. In the first procedure, Cr(ClO,), (1-2 equiv) was
directly added to 1 at various pH values (Table I, entries 1-7).
Important observations included the following: (1) Consumption
of 1 was rapid and generated both trans- and cis-10-
decarbamoyl- 1-hydroxy-2,7-diaminomitosene* (5) as the major
products. (2) The reaction efficiency increased at lower pH values.
(3) Between pH 6.0 and 7.0, the difunctionalized mitosene adducts
3 and § accounted for nearly half of the product profile even
though noticeable amounts of unreacted 1 remained. (4) Sig-
nificant amounts of C-1 electrophilic products (i.e., 2 and 3) were

(1) Carter, S. K.; Crooke, S. T. Mitomycin C. Current Status and New
Developments, Academic Press: New York, 1979.
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