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librium constant for reaction 3 is found to be well below
unity. K., was determined by monitoring the relative

BZO*~ + BZO-1*C = BZO + BZO-13C*" 3
K., = 0.58 £ 0.04 at 25 °C

intensities of the ESR signals for BZO*~ and BZO-13C*"
using simulation techniques previously described® (the *C
coupling constant for the free solvated ketyl in HMPA is
6.36 G) (Figure 1).

The reduction of FLU in HMPA with sodium metal also
results in the formation of the free solvated anion radical
(Aunc = 3.00 G). However, in strong contrast with the
benzophenone system, the partial reduction of a 1:1 mix-
ture of FLU and FLU-13C results in a solution that con-
tains much more of the isotopically heavy anion radical
than of the light anion radical. Five separate experiments
have shown that the equilibrium constant for the electron
transfer from FLU*" to FLU-18C (reaction 4) is about five
times greater than that for the transfer from BZO*" to
BZO-13C.

FLU" + FLU-¥C = FLU + FLU-¥C*~  (4)
K, =274 £0.34 at 25 °C

The addition of the extra electron to benzophenone
results in a general bond loosening. Thus, the sum of all
of the frequencies over all of the vibrational degrees of
freedom (3n — 6 = 66) in benzophenone (> vpyzo) is larger
than this same sum for the benzophenone ketyl (3 vgzo.-).
Since the vibrational frequencies are inversely proportional
to the square root of the reduced masses of the atoms
involved, the difference in the two sums is greater for the
13C.gubstituted system than it is for the 2C system (eq 5).
This difference is simply the difference in the solution
electron affinities of BZO and BZO-'3C or the free energy
of reaction 3.

Yoh([Zvpzo.9¢ = 2Upzo.t5c.-] = [ZUmz0 — ZUpz0.]) =
AG°(eq 3) > 0 (5)

For the case of FLU the situation is reversed. Since
bonds are tightened upon electron addition, they are
tightened more for 3C-substituted material than for the
FLU itself (eq 6). Unfortunately, present day quantum

Yoh([Zvpru.se = ZvpLu.ssce-] = [ZUrLy — ZUrLus]) =
AG°(eq 4) < 0 (8)

mechanical calculations are not sufficiently advanced to
allow quantitative predictions of the free energies described
in eq 5 or 6. This is due, in part, to the fact that the
resulting free energies reflect relatively small differences
between large numbers.

What is described above is, by far, the largest thermo-
dynamic isotope effect yet observed. Further, since the
chemical properties of ketyls and ketones are very dif-
ferent, they can be easily separated allowing enrichment
of the 3C materials with an efficiency that is literally
orders of magnitude greater than those of enrichment
techniques used today. Enrichment of the 3C carbonyl
systems can be accomplished by harvesting either the
neutral molecule or the anion radical as electrons are easy
to put on or take off of these stable systems.’® Indeed,

(9) (a) Ketone anion radicals are normally free of ion association in
HMPA.% (b) Stevenson, G. R.; Alegria, A. E.; McB. Block, A. J. Am.
Chem. Soc. 1975, 97, 4859. (c) The addition of 0.1 M sodium iodide to
this free solvated anion radical solution results in the formation of the
ion pair, which can be observed simultaneously with the free ion. The
sodium splitting in the ion pair is 0.69 G.

(10) Peterson, 1. Sci. News 1986, 130, 292.
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we have demonstrated that enriched material can be ob-
tained from these anion radical solutions.

The reduction of FLU containing 3C in natural abun-
dance in tetrahydrofuran (THF) with about */, of the
stoichiometric amount of sodium metal followed by the
removal of the solvent under reduced pressure leaves the
solid ketone—ketyl mixture in the reaction apparatus. The
ketone was selectively dissolved from the mixture in warm
hexane. This recovered ketone was then sublimed, mixed
with an equal number of moles of 3-pentanone, dissolved
in 10 mL of CDClI;, and submitted to *C NMR analysis.
A control NMR sample was made with the untreated
fluorenone. In each of five such experiments, it was clear
that the ratio of the intensities of the FLU carbonyl carbon
signal to the carbonyl carbon signal for 3-pentanone is less
than the equivalent ratio based on the control sample. The
two NMR spectra were obtained in exactly the same
manner (same pulse delay, pulse width, number of pulses,
etc.). When 50% of the FLU is reduced to the ketyl, the
recovered ketone has a carbonyl 3C content of 0.98 %
0.04% as compared to 1.11% in the original ketone. The
solid ketyl remaining after the removal of the ketone was
then reacted with I, to oxidize it back to the ketone. This
reconstituted ketone was sublimed and submitted to the
same *C NMR analysis. It proved to be significantly
enriched in carbonyl *°C content (1.24 % 0.05%). We have
realized significant carbonyl *C enrichment from just a
single pass of the ketone through the reduction—-oxidation
cycle.
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Synthetic
1-Methoxybenzo[d Inaphtho[1,2-b ]Jpyran-6-one
C-Glycosides

Summary: The first synthetic benzo[d]naphtho[1,2-b]-
pyran-6-one C-glycosides related to the antibiotics ravi-
domyecin, the gilvocarcins (toromycin), and chrysomycin
A and B (virenomycin) have been achieved by palladium-
mediated coupling of furanoid glycals with 1-methoxy-
4-(tri-n-butylstannyl)benzo[d]naphtho[1,2-b]pyran-6-one.

Sir: The procedure for synthesis of C-glycosides (C-nu-
cleosides)! by palladium-mediated coupling of glycals with
aryl or heterocyclic aglycon derivatives, which was de-
veloped in our laboratory,? was used to prepare the 1-
methoxybenzo[d]naphtho[1,2-b]pyran-6-one furanosyl

(1) (a) Hacksell, U.; Daves, G. D., Jr. Prog. Med. Chem. 1985, 22, 1-65.
(b) Buchanan, J. G. Prog. Chem. Org. Nat. Prod. 1983, 44, 243-299. (c)
Goodchild, J. Top. Antibiot. Chem. 1982, 6, 99-227.

(2) (a) Hacksell, U.; Daves, G. D., Jr. J. Org. Chem. 1983, 48,
2870-2876. (b) Cheng, J. C.-Y.; Hacksell, U.; Daves, G. D., Jr. J. Org.
Chem. 19886, 51, 3093-3098. (c) Cheng, J. C.-Y.; Daves, G. D., Jr. Or-
ganometallics 1986, 5, 1753-1755.
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C-glycosides 1 and 2. The new C-glycosides (1 and 2) are
the first synthetic members of a class of anthracycline
C-glycosides! which includes the antibiotics ravidomyein,?
the gilvocarcins? (toromycin®), and chrysomycin A and B®
(virenomycin”). The key reaction in the syntheses was
the regio- and stereospecific formation of the glycosidic
carbon—carbon bond between a furanoid glycal (6% or 75)
and the tri-n-butylstannyl derivative of the aglycon (5) in
the presence of stoichiometric palladium(II) acetate. Prior
syntheses of C-glycosides (C-nucleosides) by palladium-
mediated coupling of glycals have utilized aglycon-
mercuric acetates.2® Mercuric derivatives of benzo[d]-
naphtho[1,2-b]pyran-6-ones exhibited very low solubility;
the corresponding tri-n-butylstannyl derivative!® 5 is
soluble in acetonitrile, the preferred reaction solvent,!! and
is an effective precursor to the organopalladium reagent?
which reacts with a glycal (6 or 7). This modification of
the palladium-mediated coupling of carbohydrate and
aglycon derivatives® extends the utility of this direct and
facile route to synthesis of C-glycosides of complex an-
thracycline systems.!12
1-Methoxybenzo[d]naphtho[1,2-b]pyran-6-one'!* (3)
was brominated (N-bromosuccinimide in dimethylform-
amide, room temperature, 30 min, 81%)!% para to methoxy
and the bromo substituent of the resulting product, 4, was
replaced by tri-n-butylstannyl by reaction!® of 4 with
hexa-n-butylditin in the presence of 2.0 mol % of tetra-
kis(triphenylphosphine)palladium(0)'” in toluene (N,, 115
°C, 12 h) to yield stannane 5'® (65%). Coupling of 5 with

(3) Findlay, J. A,; Liu, J. S.; Radics, L.; Rakhit, S. Can. J. Chem. 1981,
59, 3018-3020.

(4) Takahashi, K.; Yoshida, M.; Tomita, F.; Shirahata, K. J. Antibiot.
1981, 34, 271-275. Hirayama, N.; Takahashi, K.; Shirahata, K.; Ohashi,
Y.; Sasada, Y. Bull. Soc. Chem. Jpn. 1981, 54, 1338-1342.

(5) Horii, S.; Fukase, H.; Mizuta, E.; Hatano, K.; Mizuno, K. Chem.
Pharm. Bull. 1980, 28, 3601-3611. Jain, T. C.; Simolike, G. C.; Jackman,
L. M. Tetrahedron 1983, 39, 599-605.

(6) Weiss, U.; Yoshihira, K.; Highet, R. J.; White, R. J.; Wei, T. T. J.
Antibiot. 1982, 35, 1194-1201.

(7) Brazhnikova, M. G.; Kudinova, M. K.; Kulyaeva, V. V.; Potapova,
N. P.; Rubasheva, L. M.,; Rozynov, B. N.; Horvath, G. Antibiotiki 1984,
29, 884-892.

(8) Cheng, d. C.-Y.; Hacksell, U.; Daves, G. D., Jr. J. Org. Chem. 1985,
50, 2778-2780.

(9) For a different palladium-mediated reaction of glycals leading to
C-glycosides, see: Czernecki, S.; Dechavanne, V. Can. J. Chem. 1983, 61,
533-540.

(10) For uses of organotin derivatives in organopalladium chemistry,
see: Stille, J. K. Angew. Chem., Int. Ed. Engl. 1986, 25, 508-524, Stille,
J. K.; Tanaka, M. J. Am. Chem. Soc. 1987, 109, 3785-3786. Pri-Bar, I.;
Pearlman, P. S,; Stille, J. K. J. Org. Chem. 19883, 48, 4629-4634. Labadie,
J. W,; Teuting, D.; Stille, J. K. J. Org. Chem. 1983, 48, 4634-4642. Sheffy,
F.K,; Stille, J. K. J. Am. Chem. Soc. 1983, 105, 7173-7175. Milstein, D.;
Stille, J. K. J. Org. Chem. 1979, 44, 1613-1618. Bumagin, N. A.; Kasatkin,
A. N,; Beletskaya, 1. P. Dokl. Akad. Nouk SSSR 1982, 266, 862-866.
Kashin, A, N,, Bumagina, I. G.; Bumagin, N. A.; Beletskaya, I. P. Zh. Org.
Chem. 1981, 17, 21-28.

(11) Lee, T. D.; Daves, G. D., Jr. J. Org. Chem. 1983, 48, 399-402.

(12) An elegant synthesis of an anthracycline C-glycoside has been
reported: Danishefsky, S. J., Uang, B. J.; Quallich, G. J. Am. Chem. Soc.
1985, 107, 1285-1293.

(13) Chebaane, K.; Guyot, M.; Molho, D. Bull. Soc. Chim. Fr. 1975,
2521-2526.

(14) Synthesis of the aglycon which is common to ravidomycin, gil-
vocarcin V, chrysomycin A, and virenomycin has been reported: Findlay,
J. A; Daljeet, A.; Murray, P. J.; Rej, R. N. Can. J. Chem. 1987, 65,
427-431. McGee, L. R.; Tse Dinh, Y. C.; Cole, G. M.; Confalone, P. N.
Abstract of Papers, 191st National Meeting of the American Chemical
Society, New York; American Chemical Society: Washington, DC, 1986;
ORGN 195. McKenzie, T. C.; Hassen, W. Tetrahedron Lett. 1987, 28,
2563-2566.

(15) Mitchell, R.; Lai, Y.-H.; Williams, R. V. J. Org. Chem. 1979, 44,
4733-4735.

(16) Azizian, H.; Eaborn, C.; Pidcock, A. J. Organomet. Chem. 1981,
215, 49-58. Kosugi, M.; Ohya, T.; Migita, T. Bull. Soc. Chem. Jpn. 1983,
56, 3855-3856.

(17) Rosevear, D. T.; Stone, F. G. A. J. Chem. Soc. A 1968, 164-167.
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furanoid glycal 62 (1.3 equiv) in the presence of stoichio-
metric palladium(II) acetate (CH,CN, room temperature,
24 h) produced C-glycoside 8!8 in 66% yield. Similar
coupling of 5 with glycal 7,8 which is significantly more
sterically hindered toward g-face attack,?® formed the
corresponding C-glycoside 98 in a yield of 28%.

CH,0

RO— o
+ /
X
° (IPr)3SIO
o
3 )>§=l; 6 CH,OCH,
4 X=Br R
§ X = SnBu, 7 Si(iPr),
Pd(OAC),

(IPr};SIO o]

'8 CH,OCH,; 66%
9 SiiPr);; 28%

nBuN*F°, HOAc

10 CH,OCHj; 94%
11 Si(iPr),; 92%

NaBH,

1a CH,OCH,

2a CH,OCH,
2b Si(iPr),

In each reaction a single C-glycosidic product was
formed (8 and 9, respectively). The 1-methoxybenzo[d]-
naphtho[1,2-b]pyran-6-one C-glycosides 8 and 9 obtained
in this way were assigned to the 8-C-glycoside series by 'H
nuclear magnetic resonance spectrometry. In the 'H NMR
spectra of 8 and 9 the coupling constants, %J}. 4, were 3.75

(18) All new compounds except stannane 5 have been characterized
by elemental analysis or high-resolution mass spectrometry.
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and 3.74 Hz, respectively; for 2,3-unsaturated furans of
known structure, %J; 4 > 5 Hz for 1,4-trans H’s and <4 Hz
for 1,4-cis H’s?!® permitting assignment of the C-glycosidic
linkages of 8 and 9 as 8 in accord with previous results
using this glycal.?

Removal of the triisopropylsilyl group from the 3’-enol
moieties of 8 and 9 (2 equiv of (n-Bu),N*F~, 1 equiv of
acetic acid, tetrahydrofuran, room temperature, 2 h)
yielded the corresponding 3'-keto C-glycosides 10'® and 111®
(94% and 92% respectively); reduction of the ketones
(NaBH,, H,0, tetrahydrofuran) afforded the corresponding
2’-deoxy C-glycosides 1 and 2. From 8, a 7:5 mixture (93%)
of 1a'8% and 2a'®?! was obtained and separated by prep-
arative thin-layer chromatography (silica gel GF;
CHClg/ether, 3:2); borohydride reduction of keto C-
glycoside 9 yielded a single 2’-deoxy C-glycoside (2b).1®

Assignment of configuration at C-3’ for 2’-deoxy C-
glycosides 1 and 2 was accomplished by detailed com-

(19) Barfield, M.; Spear, R. J.; Sternhell, S. J. J. Am. Chem. Soc. 1971,
93, 5322-5327. Barfield, M.; Sternhell, S. J. J. Am. Chem. Soc. 1972, 94,
1905-1913, Barfield, M.; Spear, R. J.; Sternhell, S. J. J. Am. Chem. Soc.
1975, 97, 5160-5167.

(20) 3C NMR (CDCIl;) & 160.59 (C-6), 154.04 (C-1), 147.75 (C-5a),
135.45 (C-10a), 134.86 (C-9), 132.58 (C-7), 130.09 (C-8), 128.63 (C-10),
127.38 (C-12a), 124.08 (C-3), 122.29 (C-11), 121.86 (C-7a), 120.39 (C-4a),
119.31 (C-4), 118.17 (C-12), 114.38 (C-11a), 105.82 (C-2), 97.04 (OCH,0),
81.50 (C-4"), 78.30 (c-1"), 73.59 (C-3'), 66.60 (C-5"), 55.66, 55.49 (OCHas),
44.93 (C-29).

(21) ®C NMR (CDCl) & 160.90 (C-6), 154.13 (C-1), 147.75 (C-5a),
135.54 (C-10a), 135.00 (C-9), 130.89 (C-7), 128.72 (C-10), 127.20 (C-12a),
124.55 (C-3), 122.38 (C-11), 121.95 (C-7a), 120.32 (C-4a), 119.40 (C-4),
118.21 (C-12), 114.47 (C-11a), 105.86 (C-2), 96.86 (OCH,0), 85.11 (C-4'),
78.44 (C-17), 74.49 (C-3'), 68.80 (C-5"), 55.69, 55.37 (OCH,3s), 44.86 (C-2/).

Additions and Corrections

parison of 'H NMR data with those from previous pub-
lished NMR studies of 2’-deoxypentofuranosyl glyco-
sides.?>% These studies show that the 2’-H trans to the
aglycon is deshielded with respect to the cis 2’-H. Thus,
for la multiplets in the 'H NMR spectrum at 4 2.00 and
3.37 are assigned to 2’-Hg and 2’-H,, respectively; reso-
nances in the spectrum of 2a at & 1.96 and 2.97 are similarly
assigned. With these assignments of the hydrogens at 2-C
and the knowledge?” that Jy.y 3.5(trans) < Jy.gg.5(cis),
definite assignment of structure to 1 and 2 was straight-
forward.?’
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(22) Hacksell, U.; Cheng, J. C.-Y.; Daves, G. D., Jr. J. Carbohydr.
Chem. 1986, 5, 287-297.

(23) Robins, M. J.; MacCoss, M.; Wilson, J. S. J. Am. Chem. Soc. 1977,
99, 4660-4666.

(24) Grey, A. A,; Smith, L. C. P.; Hruska, F. E. J. Am. Chem. Soc. 1971,
93, 1765-1769.

(25) Fraser-Reid, B.; Radatus, B. J. Am. Chem. Soc. 1971, 93,
6342-6344.

(26) Slessor, K. N.; Tracey, A. S. Carbohydr. Res. 1973, 27, 407-414.

(27) For la: Jy,5 = 5.7 H, Jygs = 1.5 Hz. For 2a: Jy, 5 = 3.0 Hz,
Jagy = 5.7 Hz.
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Additions and Corrections

Vol. 51, 1986

Rui Tamura,* Masahiro Sao, and Daihei Oda. Facile Syn-
thesis of Allylic Nitro Compounds by N,N-Dimethylethylene-
diamine-Catalyzed Condensation of Aliphatic and Alicyclic Ke-
tones with Primary Nitroalkanes.

Page 4369, column 1, line 4-8. “For example, conversion of
allylic halides to allylic nitro compounds by displacement with
nitrite ion is not practical because of the ambident character (N
vs. O attack) of the nitrite anion” should be deleted and replaced
by “Thus, only two examples of the conversion of allylic halides
to the nitro compounds by the use of silver nitrite have been
reported.?”

Page 4372, Table III, entry 11. The vield “72” should read “72/".

S. H. Nahm* and H. N. Cheng*. Transition-State Geometry
and Stereochemistry of the Ene Reaction between Olefins and
Maleic Anhydride.

Page 5099, column 1, line 5 from bottom. “of Z, R, and R’ (as
long as Z, R, and R’ = H).” should read “of Z, R, and R’ (as long
as Z, R, and R’ are not equal to H).”

Vol. 52, 1987

Henry A. Kurtz,* Roger V. Lloyd,* and Richard V.
Williams*. The Bridgehead Decalin Radicals: An MM2 and
MNDO Study.

Page 302. In Table I, the value of AH calculated by MM2 for
cis-decalin should be -41.02, not ~35.84 as reported. The calcu-
lated cis and trans energy difference is then 2.7, not 7.9,

Francis X. Webster and Robert M. Silverstein*, Synthesis
of Diacids and Keto Acids by Ruthenium Tetraoxide Catalyzed
Oxidation of Cyclic Allylic Alcohols and «,8-Unsaturated Ketones.

Page 689. Francis X. Webster and Robert M. Silverstein are
the authors of this paper. The name of Jose Rivas-Enterrios was
inserted by misrepresentation.

Seshadri Veeraraghavan,* Scott Jostmeyer, J’'né Myers, and
James C. Wiley, Jr. A Convenient Synthesis of Cyclopenta-
[cd]pyrene.

Page 1356, column 2, lines 27 and 40 of the Experimental
Section. “CHCHj;" should read “CHSCH;".



