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Regiochemical Control in the Diets-Alder Reactions 
of Substituted Naphthoquinones. Model Studies on 
a Regiospeciflc Approach to Adriamycinone 

Sir: 

Adriamycin (1) and its analogues are dramatically effica
cious in the treatment of a broad spectrum of human cancers.' 

This fact, coupled with the intriguing structural and re
giochemical challenges presented by these drugs, has stimu
lated intense efforts directed toward their total synthesis. To 
date practical solutions exist for the synthesis of the sugar 
portion of the molecule (daunosamine)2 as well as for the 
coupling of daunosamine to the appropriate aglycones.3 

However, existing solutions4,5 to the preparation of the agly
cones, while noteworthy synthetic achievements, do not provide 
a method for controlling the relative orientation of the A- and 
D-ring substituents. We now wish to report the results of model 

Scheme I 

Scheme II 

studies which offer a potential solution to this regiochemical 
problem (Scheme I). 

Reaction of naphthazarin monopivalate (2, orange crystals, 
mp 140.5-41 0C, prepared in 60-70% yield by treatment of 
naphthazarin with ~4 equiv of pivalic anhydride in benzene 
at 50-70 0C) with excess 35a in benzene or dichloromethane 
for 24 h at 25 0C gives 4 (mp 125-127 0C) in 92-99% yield. 
Attempts to oxidize the A-B ring junction of 4 were frustrated 
by concurrent aromatization of the A ring, but oxidation of 
epoxide 5 (off-white crystals, mp 119-120 0C, prepared from 
4 in 90-95% yield by reaction with 2-3 equiv of m-chloroper-
benzoic acid in CH2Cl2 for 2-5 days) with excess active lead 
dioxide6 for 5-8 days at 60-70 0C in 1:1 dichloromethane-
tetrachloroethylene (vigorous stirring) gives 6 (amber-orange 
crystals, mp 129-132 0C) in 50-65% yield. The stereochem
istry of the A ring is not yet rigorously established. Reaction 
of 6 with 1.5-2 equiv of l-methoxycyclohexa-l,3-diene7 at 25 
0C for 24 h in benzene or CH2Cl2 affords 8 (mp 157-159 0C) 
in 85-95% yield. The average overall yield of 8 from 2 is ap
proximately 45%. 

The key step 61=> [7] -* 8 takes advantage of the unfavor
able but facile equilibrium 6 *=; 7 which allows for the intra
molecular transfer of the two directing (vide infra) groups. The 
minor8 tautomer 7 is the more reactive dienophile and is 
trapped selectively, thereby providing a means of converting 
6 to 8 through the intermediacy of 7.10 

Adduct 8 is obtained as a mixture of stereoisomers (the 
eventual elimination of the asymmetry introduced in the re
action 6 —- 8 renders this lack of stereoselectivity inconse
quential) but the regiochemical homogeneity of 8 was estab
lished unambiguously by conversion to 12 (Scheme II). 
Treatment of 8 with 0.5% aqueous KOH in ethanol-tetrahy-
drofuran for 4 h at 0 0C in the presence of oxygen gives 9,1' 
which yields 10 (red crystals, mp 212-214 0C) upon pyrolysis 
at 150-160 0C in ~90% overall yield. Hydrogenation of 10 (5% 
Pd/C, EtOAc) gives 11 (mp 202 0C) which affords 12 (mp 
203-205 0C, lit.12 206 0C) upon treatment with excess BBr3 
in CH2Cl2 at -60 0C. Comparison12 of spectra of the 12 so 
obtained with spectra12 of authentic samples of 12 and the 
spectrally distinguishable alternative regioisomer 13 totally 
support the structure assigned to 12. None of the regioisomer 
13 could be detected. The regiospecific formation of 8 is 
thereby demonstrated. 

The expectation that the Diels-Alder reactions of 2 and 7 
would lead to the regiochemical consequences observed 
emerged from a consideration of the results and rationales of 
ourselves515 and others. Inhoffen, Muxfeldt, and coworkers13 

have reported that juglone (14) and its acetate (15) give op
posite regiochemical results in their Diels-Alder reactions with 
1-acetoxybutadiene, affording, as principal products, 16 and 
17, respectively. More recently, Powell and Birch have re
ported14 that reaction of 14 with l-methoxycyclohexa-1,3-
diene gives exclusively 18, explained14 as being, in effect, a 

Communications to the Editor 



5514 

16, R' = R3=H, R'=OCOCHJ 18, R'=R3=H, R =̂OCH3 

17, R'=OCOCH3, R
2=H, R^COCH, 21, R'=OCH3, R^H, R3=CH3 

22, R'*H, R^OCH3 R =̂CH3 

consequence of activation of the C-4 carbonyl by intramolec
ular hydrogen bonding (see 14). The C-4 carbonyl in 14 would 
thus14 be the most electron-withdrawing substituent on the 
C-2,C-3 double bond and would determine the regiochemical 
outcome of the reaction.15 To our knowledge Inhoffen, Mux-
feldt, and coworkers have not offered a rationale for the re
giochemical dichotomy embodied in the formation of 16 and 
17, but extension of the Birch-Powell thesis14 suggests that the 
regiochemical reversal observed in the formation of 17 might 
result from selective electron feeding from the/w/'-acetoxy 
group (15, arrows)16 to the C-4 carbonyl. Such resonance 
donation18 into the C-4 carbonyl would render the C-I car
bonyl the most electron-withdrawing substituent on the C-
2,C-3 double bond and thus the regiochemical director by 
default. Further extension of this hypothesis suggests that in
corporation of both pen'-acyloxy (or alkoxy)16 and hydroxy 
groups into the same molecule so that their conflicting influ
ences could operate in a complementary fashion (see 19) would 
permit a high degree of orientational control in the Diels-Alder 
reaction of molecules such as 2 and 7. The above results con
firm this expectation and demonstrate the effectiveness of such 
long-range regiochemical control in the Diels-Alder reactions 
of naphthazarin derivatives. 

Extension of this work is in progress and will be reported in 
due course. 

Acknowledgments. The support of this investigation by the 
Public Health Service through a research grant (CA-17631) 
and a Research Career Development Award (CA-00040) from 
the National Cancer Institute is gratefully acknowledged. We 
thank Dr. S. Schutz (Farbenfabriken Bayer A.G.) for a mu
nificent gift of naphthazarin, Drs. R. Kunstmann and W. 
Bartmann (Farbwerke Hoechst A.G.) for their assistance in 
obtaining this material, Drs. H. Brockmann, A. Kende, D. W. 
Henry, and K. Borah and Mr. W. G. Tsang for helpful ex
change of information, and Catherine Burns, James Potter, 
and Thomas Vaughan for outstanding technical assistance. 

References and Notes 
(1) For leading references, see D. W. Henry in "Cancer Chemotherapy", A. 

C. Sartorelll, Ed., American Chemical Society Symposium Series No. 30, 
American Chemical Society, Washington, D.C., 1976; F. Arcamone, S. 
Penco, and A. Vigevani, Cancer Chemother. Rep., Part 3, 6 (2), 123 
(1975). 

(2) J. P. Marsh, C. W. Mosher, E. M. Acton, and L. Goodman, Chem. Commun., 
973 (1967); D. Horton and W. Weckerle, Carbohydr. Res., 44, 227 (1975); 
C. M. Wong, T.-L Ho, and W. P. Niemczura, Can. J. Chem., 53, 3144 
(1975). 

(3) E. M. Acton, A. N. Fujiwara, and D. W. Henry, J. Med. Chem., 17, 659 
(1974); T. H. Smith, A. N. Fujiwara, D. W. Henry, and W. W. Lee, J. Am. 
Chem. Soc, 98, 1969 (1976); F. Arcamone, S. Penco, A. Vigevani, S. 
Redaelli, G. Franchi, A. DiMarco, A. M. Casazza, T. Dasdla, F. Formelli, 
A. Necco, and C. Soranzo, J. Med. Chem., 18, 703 (1975). 

(4) A. S. Kende, Y.-G. Tsay, and J. E. Mills, J. Am. Chem. Soc., 98,1967 (1976); 
R. D. GIeIm, S. Trenbeath, R. S. D. Mlttal, and C. J. Sin, Tetrahedron Lett., 
3385 (1976); C. M. Wong, R. Schwenk, D. Popien, and T.-L. Ho, Can. J. 

Chem., 51,466(1973). 
(5) For previous work from this laboratory, see (a) T. R. Kelly, R. N. Goerner, 

Jr., J. W. Gillard, and B. Prazak, Tetrahedron Lett., 3869 (1976); (b) T. R. 
Kelly, J. W. Gillard, and R. N. Goerner, Jr., ibid., 3873 (1976). 

(6) R. Kuhn and I. Hammer, Ber., 83, 413 (1950). 
(7) A. J. Birch and G. S. R. Subba Rao, Tetrahedron Lett., 3797 (1968). 
(8) That the 6 <=* 7 equilibrium strongly favors 6 Is indicated by the position 

of the NMR resonance attributable to the C-ring hydrogens (&coc^ 7.20 (2 
H, s)). The presence of 7 is undetectable by NMR (the C-ring hydrogens of 
7 should9 give a resonance at 5 ~6.8). 

(9) (a) St. Berger and A. Reiker in "The Chemistry of Quinonoid Compounds", 
S. Patai, Ed., Wiley, New York, N.Y., 1974, p 172; (b) S. Alvarado, F. Farina, 
and J. L. Martin, Tetrahedron Lett., 3377 (1970); (c) F. Farifia and J. C. Vega, 
ibid., 1655(1972). 

(10) The expectation that the 6 ^ 7 equilibrium might exist and that 7 could 
be trapped selectively was suggested by the observations of Farina and 
Vega" that the symmetrical naphthazarin derivatives i and Ii react in a 
similar fashion to give iil and iv, respectively. For additional examples of 
acylwanderung, see H. Brockmann, H. Greve, and A. Zeeck, Tetrahedron 
Lett., 1929 (1971); and ref 9b. 

i, R=H iii, R=H 
ii, R=COCH3 Iv, R=COCH3 

(11) Use of other oxidizing agents permits preservation of the epoxide ring. 
(12) H. Brockmann and R. Zunker, Tetrahedron Lett., 45 (1966); H. Brockmann, 

R. Zunker, and H. Brockmann, Jr., Justus Liebigs Ann. Chem., 696, 145 
(1966). For a discussion of spectral details, see ref 5b, footnote 10. 

(13) H. H. Inhoffen, H. Muxfeldt, H. Schaefer, and H. Kramer, Croat. Chem. Acta, 
29, 329 (1957); H. Muxfeldt, Angew. Chem., 74 825 (1962). 

(14) V. H. Powell, Tetrahedron Lett., 3463 (1970); A. J. Birch and V. H. Powell, 
ibid., 3467(1970). 

(15) For reviews of the Dieis-Alder reaction, see, inter alia, W. Carruthers, 
"Some Modern Methods of Organic Synthesis", Cambridge University 
Press, Cambridge, 1971, Chapter 3; and A. S. Onishchenko, "Dlene Syn
thesis", Israel Program for Scientific Translations, Jerusalem, 1964. 

(16) Further support for this rationale is found in the observation (T. R. Kelly, 
unpublished results) that reaction (benzene, 80 0C) of juglone methyl ether 
(20) with 1-methoxycyclohexa-1,3-diene affords 21 and 22 In a 2.5:1 ratio. 
The regiochemistry of this reaction was demonstrated by conversion— 
tautomerlzation17 (KO-t-Bu, THF; HCI), oxidation (Pb(OAc)4), and pyrolysis 
(145°)—of the crude adduct to a mixture of 1,5- and 1,8-dlmethoxyan-
thraqulnone and comparison (NMR) with reference mixtures of authentic 
samples. The overall yield from 20 to the mixture of dimethoxyanthraqui-
nones is ~ 8 0 % after chromatography. This hypothesis is also supported 
by the fact that 14 is a significantly more reactive dienophile than 20 In 
competition experiments with 1-methoxycyclohexa-1,3-diene (reaction 
conducted in CDCI3, monitored by NMR). 

(17) R. G. F. Giles and G. H. P. Roos, J. Chem. Soc, Perkin Trans. 1, 1632 
(1976). 

(18) C. G. Swain and E. C. Lupton, Jr., J. Am. Chem. Soc, 90, 4328 (1968). 
(19) Recipient of NIH Research Career Development Award, 1975-1980. 

T. Ross Kelly,* 19 John W. Gillard 
Richard N. Goerner, Jr., Judith M. Lyding 
Department of Chemistry, Boston College 

Chestnut Hill, Massachusetts 02167 
Received January 27,1977 

Monoisopinocampheylborane— 
a New Chiral Hydroborating Agent for 
Relatively Hindered (Trisubstituted) Olefins 

Sir: 
Optically active monoisopinocampheylborane-triethylamine 

(IPCB^-NEt3), readily available via the reaction of optically 
active a-pinene with thexylborane-triethylamine, undergoes 
a rapid reaction with borane to yield free, optically active 
monoisopinocampheylborane in nearly quantitative yield. This 
new chiral monoalkylborane was successfully utilized for the 
asymmetric hydroboration of 1-methylcyclopentene to give 
after oxidation frans-2-methylcyclopentanol in an optical 
purity of 55.4%. Other hindered (trisubstituted) olefins, such 
as 2-methyl-2-butene and 1-methylcyclohexene, which resist 
hydroboration with diisopinocampheylborane, undergo facile 
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