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yield of cycloadduct, whereas the same reaction in benzene9 re­
quires 72 h at 60 0C 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.10 

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 I'2 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 

o • a 5 -**$*- Jbd° • ^ > 
1 2 3 

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 II). 

Equally remarkable was the observation that exposure of me­
thylbenzoquinone to cyclopentadiene in 5.0 M lithium perchlorate 
in diethyl ether for 1Oh at room temperature and atmospheric 
pressure afforded in 74% yield bis adducts 4 and 5 in a 6:1 ratio. 

4 5 

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 5 has been reported to occur at high pres­
sure.13 For example, heating a toluene solution of cyclopentadiene 
(large excess required due to competing diene dimerization) and 
methylbenzoquinone at 75 0C under 7895 atm overnight affords 
4 and 5 in 60% yield. 

6 

The ease with which these normally demanding cycloadditions 
proceed points to the operation of factors that are not adequately 
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1980, 102, 6893. 

(12) Baker, B. R.; Querry, M. J.; Kadish, A. F. J. Org. Chem. 1948, 13, 
128. 

(13) Srivastava, S.; Marchand, A. P.; Vidyasagar, V.; Flippen-Anderson, 
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explained in the current literature. The ability of 5.0 M Li-
ClO4-Et2O, 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.15 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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Mitomycin C (1), a proven antineoplastic agent of clinical 
significance,1 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-I and C-10 drug bonding steps.2 In this communication, 
we report on the first use of transition-metal ions for the activation 
of mitomycin C. Employment of Cr(ClO4J2 as a one-electron 
reductant3 has dramatically altered the reactivity pattern of the 
two DN A-bonding sites within I.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(C104)2-mediated reductive techniques were 
developed. In the first procedure, Cr(C104)2 (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 c/s-10-
decarbamoyl-l-hydroxy-2,7-diaminomitosene4 (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 5 accounted for nearly half of the product profile even 
though noticeable amounts of unreacted 1 remained. (4) Sig­
nificant amounts of C-I 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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A. The Chemistry of Antitumor Antibiotics; Wiley: New York, 1979; Vol. 
1, pp 221-276. (c) Franck, R. W.; Tomasz, M. In The Chemistry of Anti­
tumor Agents; Wilman, D. F. V„ Ed.; Blackie and Sons, Ltd.: Scotland, 1989. 
(d) Fisher, J. F.; Aristoff, P. A. Prog. Drug Res. 1988, 32, 411. (e) Tomasz, 
M.; Lipman, R.; Chowdary, D.; Pawlak, J.; Verdine, G.; Nakanishi, K. Science 
1987, 235, 1204. (0 Teng, S. P.; Woodson, S. A.; Crothers, D. M. Bio­
chemistry 1989, 28, 3901. (g) Cera, C; Egbertson, M.; Teng, S. P.; Crothers, 
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Table I. Product Profiles from Cr(C104)2-Mediated Reductions of 
Mitomycin C (1)" 

Scheme II. Predominant Pathway for the Reductive Activation of 
Mitomycin C by Cr(CIC<4)2 in Water 

entry pH» 
V 
1' 
y 
¥ 

sc 
6C 

V 
8' 
9* 

10* 
11' 

5.10 
5.00* 
6.04 
6.00* 
6.94 
7.00* 
8.00 
4.98 
5.98 
7.01 
8.03 

5.1 
1.8 

26.6 
2.2 

11.5 
1.6 
2.2 

33.7 
30.6 
5.5 
4.5 

3.3 
11.3 
6.3 

13.3 
11.4 
24.2 

1.5 

9.0 

18.8 

21.2 
6.6 

51.1 
9.6 

17.0 
69.5 
87.7 

82.6 
86.9 
40.6 
84.5 
30.6 
67.6 
4.7 
8.7 

7.7 

25.3 

42.0 
46.5 
52.5 
25.1 
7.9 

"The reactions were monitored by HPLC (see ref 8) and all prod­
ucts were identified by co-injection (co-spotting) of an authentic sam­
ple with the reaction mixture in the HPLC (TLC). The reactions were 
run in duplicate and averaged. * Bis-Tris-HCl (0.2 M) was employed at 
pH 5 and 6, and Tris-HCl (0.2 M) was used at pH 7 and 8. 'Reaction 
was initiated by the addition of an aqueous solution of Cr(ClO4J2 (1 
equiv unless otherwise stated) to a deaerated, aqueous buffered solution 
of 1 (final concentration 1.2 mM). The reaction was maintained at 
room temperature (30 min), exposed to air, and analyzed. *Cr(CK)4)2 
(2 equiv) was added. ' 6 (2 equiv, final concentration 1.3 mM) was 
dissolved in an aqueous buffered solution (2 mL) that was then deaer­
ated, and then an aqueous Cr(CIOJ2 (1 equiv) solution was added and 
with stirring at room temperature (5 min). A deaerated aqueous so­
lution (0.5 mL) of 1 (1 equiv) was added and the reaction was main­
tained at room temperature (30 min) and exposed to air and the solu­
tion was analyzed. 

Scheme I. Proposed Pathway for Mitomycin C-I Mediated 
Processes" 

'The proposed process is depicted to occur at the semiquinone re­
duction level in 1. A comparable pathway can be drawn for the hy-
droquinone form of 1. See refs 2, 4-7, 9-11, 15, and 16 for additional 
details. 

not observed under acidic conditions, while <io C-10 electrophilic 
adducts were detected at pH 8.00. The last two observations were 
opposite to that reported for the activation of 1 with use of other 
reductive methods. 5"" 

+CH A T N ^ N H 
O N H 2 

4: R1 = OH; R2 = C(O)NH2 

5: R1 = OH; R2 = H 
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The products observed with the second Cr(C10 4) 2-mediated 
reductive technique (Table I, entries 8-11) were markedly dif­
ferent. Activation of mitomycin C was accomplished by the prior 
addition of Cr (C10 4 ) 2 to excess m-10-decarbamoyl- l ,10-di -
methoxy-2,7-diaminomitosene12 (6) to generate the putative 
monochromate 7 and dichromate 8 species13 in situ, followed by 
the addition of 1 (1 equiv per Cr(C104)2). The product distribution 
obtained in these experiments was similar to those previously 
reported.4"11 Specifically, the percentage of C-I electrophilic 
adducts (i.e., 2, 3) generated was dependent upon pH, and the 
reactions gave predominantly C-I monosubstituted products (i.e., 
2 and 4) . 1 4 

Cr111"" 

What factors are responsible for this divergent chemistry? We 
propose that the indirect reductive procedure proceeds by a 
mechanism similar to that previously proposed (Scheme I).5-15-16 

Reductive activation of 1 occurs by an outer-sphere electron-
transfer process from 7 and /o r 8 to give the uncomplexed mi­
tomycin C semiquinone anion 9 or the corresponding hydroquinone 
intermediate. Subsequent expulsion of the C-9a methoxy group 
followed by the loss of the acidic C-9 proton permits aziridine 
ring-opening to give the extended quinone methide 11. This species 
can then react with solvent to furnish 2 (3) and 4 (5). In contrast, 

(11) Peterson, D. M.; Fisher, J. Biochemistry 1986, 25, 4077. 
(12) Compound 6: 1H NMR (CDCl3 + DMSO-(Z6) S 1.71 (s, 3 H), 3.31 

(s, 3 H), 3.32 (S, 3 H), 3.64 (dd, / = 9.1, 12.2 Hz, 1 H), 3.80-3.87 (m, 1 H), 
4.33 (d, J = 5.0 Hz, 1 H), 4.44 (dd, J = 7.4, 12.2 Hz, 1 H), 4.99 ('/2 AB,, 
J = 12.6 Hz, 1 H), 4.58 ('/2 Abq, y = 12.6 Hz, 1 H); 13C NMR (CDCl3 + 
DMSO-^6) 8.43, 51.80, 57.04, 58.78, 58.84, 66.58; 75.05, 107.06, 117.40, 
120.83, 129.60, 138.66, 146.66, 177.94, 178.95 ppm; M, (EI) 305.1370 (calcd 
for Ci5H19N3O4 305.1376). 

(13) For a discussion of ligand substitution reactions of Cr" and Cr"1 ions, 
see: Douglas, B. E.; McDaniel, D. H.; Alexander, J. J. Concepts and Models 
of Inorganic Chemistry, 2nd ed.; Wiley: New York, 1983; pp 334-339. 

(14) Comparable results were observed when excess 1 (2 equiv) was added. 
(15) For related studies, see: (a) Egbertson, M.; Danishefsky, S. J. J. Am. 

Chem. Soc. 1987,109,2204. (b) Danishefsky, S. J.; Egbertson, M. Ibid. 1986, 
108, 4648. 

(16) For additional studies concerning the one-electron pathway for the 
reductive activation of mitomycins, see refs 9 and 10 and: (a) Murakami, H. 
J. Theor. Biol. 1966, 10, 236. (b) Tomasz, M.; Mercado, C. M.; Olson, J.; 
Chatterjie, N. Biochemistry 1974, 13, 4878, (c) Andrews, P. A.; Pan, S.-S.; 
Bachur, N. R. J. Am. Chem. Soc. 1986, 108, 4158 and references therein. 
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we suggest that the direct addition of Cr(C104)2 to 1 leads to the 
rapid two one-electron reduction of the quinone ring to give the 
bis-Cr'"-bound complex 12 (Scheme II)." Loss of methanol then 
yields 13, which allows the C-I and C-IO nucleophilic substitution 
processes to proceed by an indole-assisied pathway.1* The 
corresponding clectrophilic transformations should be inhibited 
by the prior complexation of the phenolic-type oxygens at C-5 
and C-8 in 12 and 13 by the chromium ion. The high yields of 
the C-I1C-IO disubstituted adducts 3 and 5 have been attributed 
to the full two-electron reduction of 1 to species 12 (13 and 14). 
We suspect that the corresponding indole-assisted expulsion of 
the C-IO carbamate group at the semiquinone stage would not 
proceed rapidly due to the electron deficiency of this species. 

This study documents the advantages accrued by the direct use 
of Cr(ClO4J2 for the reductive activation of mitomycin C. Re­
actions were rapid and permitted the functionalization of both 
DNA bonding sites within 1. Our attribution of the high per­
centage of nucleophilic products in these transformations to the 
complexation of the C-5 and C-8 phenolic-type oxygens in 12 by 
the metal raises the intriguing suggestion that a similar process 
(i.e., protonation, hydrogen-bonding, chelation) may be necessary 
for the full expression of drug function of reduced 1 in in vivo 
transformations. 
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(17) Analysis of the HPLC profiles indicated thai a minor fraction of the 
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We report here that nanometer-size pits with monolayer depth 
are reproducibly formed on the basal (0001) plane of highly 
oriented pyrolytic graphite (HOPG) by gasification reactions at 
elevated temperature in air. These are clearly imaged and easily 
studied by scanning tunneling microscopy (STM). 

Gas-carbon reactions are important in studies of combustion, 
water gas production, and the gasification of solid fuels.1 Progress 
in this area has largely depended upon the application of mi­

l l ) (a) Kinoshita, K. Carbon. Electrochemical and Physical Properties; 
Wiley: New York, 1988; Chapter 4. (b) Thomas, J. M. In Chemistry and 
Physics of Carbon; Walker, P. L.. Jr., Ed.; Marcel Dekker: New York, 1965; 
Vol. 1, pp 122-203. (C) Strange, J. F.; Walker, P. L„ Jr. Carbon 1976, 14, 
345. (d) McKce. D. W. ibid. 1970, 8, 623. (e) Laine, N. R.; Vastola, F. J.; 
Walker. P. L. J. Phys. Chem. 1963. 67, 2030. ( 0 Bonner, F.; Turkevich, J. 
J. Am. Chem. Soc. 1951. 73, 561. (g) Lewis, W. K.; Gilliland, E. R.; 
McBride. G. T.. Jr. Ind. Eng. Chem. 1949. •*/. 1213. 

Figure 1. STM image of an HOPG sample treated at 650 °C in air for 
15 min. 

croscopic techniques, from optical microscopy to the more powerful 
etch-decoration transmission electron microscopy (ED-TEM)2"4 

or scanning electron microscopy (ED-SEM).5 In ED-TEM a 
graphite sample etched by reaction with O2, CO2, H2O, H2, or 
Cl2 is decorated with evaporated gold which nucleates at the etched 
edges, allowing surface changes to be imaged by electron mi­
croscopy. Etch decoration with gold is needed because clear 
images of unmodified carbon surfaces are not obtained by TEM. 
Studies by ED-TEM2"1 on natural graphite led to a model in which 
monolayer pits form during gasification reactions. These were 
proposed to start at existing defects (e.g., atomic vacancies) and 
grow in a shape determined by the higher reactivity of carbon 
atoms at edge sites. However, it was not possible to study by EM 
the initial stages of this process on unmodified graphite or to show 
that these etch pits are one atomic layer deep.2a 

However, STM6 allows surface imaging with atomic resolution 
on graphite surfaces. We felt that STM could be used to image 
etch pits, without the requirement of gold decoration, from the 
initial stages of their formation. We are interested in these pits 
not only because they provide information about the mechanism 
of carbon oxidation but also because pits of a controlled and 
uniform size could have interesting applications as templates and 
markers. In this work HOPG,7 rather than the related natural 
graphite crystals used in earlier investigations,23 was studied. The 
oxidation of HOPG has not been investigated by high-resolution 
electron microscopy.8 
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Tersoff, J. J. Appl. Phys. 1987, 61, R l . 
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