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The structure determination®!! (Figures 2 and 3) revealed that
protonation had resulted in the placement of a proton between
the carbon—molybdenum o bond of 2 (Scheme II) with the
principal changes in geometry occurring in the region of C(8) and
Mo(2) (Figure 2, Table I), the Mo(2)-C(8) distance increasing
from 2.096 (2) A in 2 to 2.196 (5) A in 3. Such a shift is similar
to, although slightly smaller than, those observed in M—-H-M
systems relative to their unprotonated analogoues,!2!4 since in
these systems the bent C—-H-Mo interaction, which is also reflected
in the high-field 'H shift of the hydrogen, is best described as three
center two electron, with the (X-ray distorted) bond lengths and
angles reflecting considerable Mo(2)—C(8) interaction. The effect
of protonation on the remainder of the Cg chain is slight, leaving
the connectivity unchanged with only very minor modification of
bond lengths and angles, reflecting the stability of this mode of
coordination; bonds to Mo(2) are slightly lengthened (by ca. 0.02
A), and the Mo—Mo bond is still within the range appropriate
for a double bond at 2.614 (1) A.

The anion was found to consist of two trifluoroacetate groups
linked by a short, strong, nearly symmetrical hydrogen bond
[0-+0, 2.429 (5) A] and the hydrogen located and refined without
constraints [O(311)-H(34) = 1.34 (7), O(411)-H(34) = 1.10
(7) A; O(311)-H(34)-0(411) = 175 (7)°].

In contrast with the C—H-M interactions previously ob-
served,!>16 the bent CHMo system present in the cation 3 closely
resembles the kind of interaction which it has been postulated!”!3
leads to an a-hydrogen abstraction reaction. As is shown in
Scheme II if protonation occurs at a carbon « to the molybdenum,
then the cationic electron-deficient molybdenum center which is
generated is ideally placed to participate in such a three-center
interaction, thus providing strong support for Schrock’s suggestion.
Suitable neutron diffraction studies are planned to define the
precise location of the bridging hydrogen.
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(11) The bridging hydrogen atom was located as the highest difference
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The antitumor antibiotic streptonigrin was shown in 1963 by

Rao, Biemann, and Woodward to have the tetracyclic amino-
quinone structure 1.!  Since that time a stream of publications
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have reported approaches to the synthesis of this polyfunctional
molecule.”* The first synthesis of its carbon framework was
achieved in these laboratories in 1978, and an imaginative total
synthesis of streptonigrin in 0.013% yield in over 30 steps from
2-benzyloxy-3,4-dimethoxybenzaldehyde was recently reported
by Weinreb and co-workers.” We now describe concurrent studies
in this area which have led to a short and efficient total synthesis
of this intricate molecule by utilizing a more direct C-ring con-
struction than the sequence employed by the Weinreb group.

It is clear from our preliminary communication® that synthesis
of 1 requires early construction of the C-D arylpyridine rings
containing substituents appropriate for facile conversion to those
in the target antibiotic. In the Weinreb synthesis this was achieved
by a nonregiospecific imino Diels—Alder reaction, aromatization,
and a subsequent Sommelet-Hauser rearrangement sequence to
introduce functionality at the vacant 3-position of the pyridine
intermediate. Our strategy involves a regiospecific 3-acyl-2-
pyridone construction, leading to the key C-D vinylpyridine 2,

OCH,CHs

OCH,
OCH;
COCH,

2R=
§R=Cl
R=

N

CN

since Friedldnder condensation should lead to attachment of rings
A and B, while the stable vinyl group should serve as convenient
precursor to the C-ring amino group.

Thus, condensation of the readily available 3-keto enamine 3¢

H
H,N.CH, !
? Oy~N } CH,
[o}
CH, RX\_~"CH,
OCH,C;H; OCH,C,H,
OCH, OCH,
OCH, OCH,
s 4 R=COCH,

~

5 R=CHOHCH,

with methyl acetoacetate (xylenes, reflux, -H,0, 14 h) led with
unusual regiospecificity’ to the acylpyridone 4 in 97% yield:®* mp
216-217 °C;» NMR® 5 1.68 (3 H,s), 2.32 (3 H, s), 2.44 (3 H,

(1) Rao, K. V.; Biemann, K.; Woodward, R. B. J. Am. Chem. Soc. 1963,
85, 2532,

(2) For a review, see: Hibino, S. Hererocycles 1977, 6, 1485.

(3) (a) Kende, A. S.; Naegely, P. C. Tetrahedron Lett. 1978, 4775, (b)
Kim, D.; Weinreb, S. M., J. Org. Chem. 1978, 43, 121. (c) Ibid. 1978, 43,
125, (d) Wittek, P. J.; Liao, T. K.; Cheng, C. C. Ibid. 1979, 44, 870. (e)
Rao, K. V.; Kuo, H.-S. J. Heterocycl. Chem. 1979, 16, 1241.

(4) For fascinating recent studies on the biosynthesis of streptonigrin, see:
Gould, S. J.; Darling, D. S. Tetrahedron Lett. 1978, 3207. Gould, S. J;
Chang, C. C. J. Am. Chem. Soc. 1977, 99, 5496; 1978, 100, 1624; 1980, 102,
1702. Gould, S. J. Chang, C. C,; Darling, D. S.; Roberts, J. D.; Squillacote,
M. Ibid., 1980, 102, 1707.

(5) Basha, F. Z.; Hibino, S.; Kim, D.; Pye, W. E.; Wy, T.-T.; Weinreb,
S. M. J. Am. Chem. Soc. 1980, 102, 3962.

s (6) Liao, T. K.; Wittek, P. J.; Cheng, C. C. J. Heterocycl. Chem. 1976,
13, 1283.

(7) Breitmaier, E.; Gassenman, S.; Bayer, E. Tetrahedron 1970, 26, 5907.
This reference describes the inverse regiochemistry from what we find in our
system.

(8) The analogous condensation with ethyl nitroacetate failed under a
variety of conditions.

(9) (a) All compounds for which a melting point is reported gave satis-
factory combustion analyses. (b) All NMR spectra were recorded at 100
MHz in CDCl; unless otherwise noted.
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s),3.90 (3 H,s),392 (3H,s),5.04 (2H,s),6.72 (2H,s), 7.24
(5 H, m), 13.70 (1 H, br s). Reduction of ketone 4 (NaBH,, 3:1
THF/i-PrOH, room temperature, 16 h) gave alcohol 5 in quan-
titative yield.

Treatment of alcohol § with PhPOCI, (170 °C, 3 h) gave a
67% yield of chloropyridine 6 (mp 88-89 °C), which on reflux
in DMF with CuCN for 14 h gave nitrile 7 (mp 103-105 °C, 85%
yield). Reaction of this nitrile with MeMgBr (C4Hg, room tem-
perature, 1.5 h, acid hydrolysis) produced the key vinylpyridine
2 in 83% yield: mp 105-106.5 °C; NMR 4 1.90 (3 H, s), 2.50
(3H,s),2.63 (3H,s),3.87 (3H,s),3.91 3H,s), 4.74-5.14
(2 H, AB of ABX), 6.44-7.20 (8 H, m).

Despite moderate success in the use of the Friedldnder quinoline
synthesis in some streptonigrin model studies,?®19 that reaction
could not be directly employed in the Weinreb synthesis and was,
at first, consistently refractory for the conversion of our vinyl-
pyridine 2 to a substituted quinoline derivative. After innumerable
forays, a novel variant of the Borsche modification proved uniquely
successful.!! To this end, the A-ring precursor 11 was prepared
in three steps (60% yield) from the known aldehyde 8.12 O-
benzylation of 8 with p-methoxybenzyl bromide (K,CO;, KI,
DMF, room temperature, 14 h) gave ether 9 (mp 89-90 °C),
which with p-toluidine (C4Hg, reflux, -H,O, 14 h) gave the ni-
troimine 10 (mp 99-101 °C). This was reduced with Na,S
(CH,OH, reflux, 2 h) to the amino imine 11 used in the Borsche
condensation. Reaction of 11 (1.45 equiv) with vinylpyridine

RO X p- CH,OC,H,CH,0 @ CH=NCHCH;p
NO, NH,

8 R=H;X=CHO 1
9 R= p—CH,0C{H,CH,;X=CHO

18 R=p—CH,OCH,CH, ;
X=CHNC,H,CH,—p

RO >
B
Cl
NP

CH,

OCH,CH;
OCH,
OCH,
12 R=p—CH,0C{H,CH,

L:),R=H

2 by using freshly prepared :-BuOK under strictly defined con-
ditions (8.66 equiv of -BuOK, 3.3:1 toluene/t-BuOH, N, reflux,
10 h)!? led reproducibly to the desired tetracyclic olefin 12 in
90-96% yield after silica gel chromatography (CHCl;): mp
151-152 °C (dec); NMR 6 2.00 (3 H,s),2.62 (3H,s),3.74 (3
H,s), 3.86 (3 H,s), 3.91 (3 H, s), 4.56-4.92 (2 H, AB of ABX),
492 (2 H,s),504 (2H,s), 6.39-7.82 (15 H, m), 8.02 (1 H,d,
J =9 Hz), 810 (1 H,d, J =9 Hz).

Selective debenzylation of 12 (TFA, 0 °C, 1 h) produced an
85% yield of phenol 13: mp 158-160 °C (dec); NMR 6 1.96 (3
H,s), 2.63 (3 H,s), 3.88 (3 H,s), 3.92 (3H, s5), 4.50-494 (2 H,
AB of ABX), 4.88 (2 H, s), 6.18-6.48 (1 H, X of ABX), 6.65
(2 H, AB quartet, J = 9 Hz), 6.90-7.75 (10 H, m). A-ring
nitration of phenol 13 (HNO,, CH;NO,, 5-20 °C, 25 min)
followed by direct O-methylation (Me,SO,, K,CO5, Me,CO,
reflux, 5 h) gave a 55% yield of nitroquinoline 14 after silica gel
chromatography (CHCl;/EtOAc, gradient elution): NMR §2.00

(10) Hibino, S.; Weinreb, S. M. J. Org. Chem. 1977, 42, 232.

(11) (a) Cheng, C. C,; Yan, S. J. Org. React. 1981, 27, in press. (b)
Borsche, W.; Barthenheier, J. Ann. Chem. 1941, 548, 50.

(12) Horning, L. S. J. Am. Chem. Soc. 1952, 74, 4570.

(13) Dry, degassed solvent and potassium metal purified by the procedure
of Pearson were employed, cf.: Pearson, D. E.; Keaton, O. D. J. Org. Chem.
1963, 28, 1557.
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(3 H,s),2.61(3H,s),3.92(6H,s), 404 (3H,s), 4.52-4.98
(2 H, AB of ABX), 4.92 (2 H, 5), 6.38-6.68 (1 H, X of ABX),
6.76 (2 H, s), 6.94-7.28 (5 H, m), 7.54 (1 H,d, J = 9 Hz), 7.73
(1H,d,J=9Hz),806(1 H,d,J=9Hz),832(1H,d,J =
9 Hz).

The olefinic bond of 14 was cleaved to carboxylic acid 15 (75%)

R= CH=CH, : R=CH,

(s

R=COOH ; R=CH,
R= COOH ; R=CHO

W

W

vl

R=R=COOH

(o]
b d
&
-
~

R

R=COOH ; R=COOCH,

-
(-]

OCH,C,H;
R=NH, ; R=COOCH,

% 2

OCH,

OCH,

by successive treatment with catalytic OsO, (N-methylmorpholine
N-oxide, Me,CO, H,0, 1-BuOH, room temperature, 20 h)!4
followed by glycol cleavage (9 equiv of NalO, in 2.8:1 dioxane-
/H,0, 80 °C, 18 h). Selenium dioxide oxidation® (HOACc, reflux,
18 h) of this acid produced the aldehyde acid 16 (74%) which
on sodium chlorite oxidation!* (H,NSO;H, NaOAc, 2:1 diox-
ane/H,0, room temperature, 1.5 h) gave diacid 17 in 92% yield.
Selective esterification of the unhindered carboxyl of 17 (MeOH,
AcCl, room temperature, 14 h) led to the acid ester 18 (95%).
Application of the Yamada modification of the Curtius rear-
rangement!® [(PhO),PON;, Et;N, C4Hg, reflux 50 min, then H,0,
reflux 30 min] to 18 produced amino ester 19 in 43% yield: mp
162.5-163 °C; NMR 6 2.25 (3 H, s), 3.97 (6 H, s), 4.00 (3 H,
s), 404 (3 H,s),4.92 (2H,s), 6.81 (2 H, s), 6.80-7.10 (5 H,
m), 742 (1 H,d,J =9 Hz), 7.97 (1 H,d, J = 9 Hz), 8.07 (1
H, d,J =9 Hz), 8.92 (1H, d, J = 9 Hz). Dithionite reduction
(Na,S,0,, THF, aqueous MeOH, reflux, 3 h) of 19 gave diamine
20, mp 148-150 °C, in 80% yield. Selective oxidation of the A

ring of 20 with Fremy’s salt*’ (Na,HPO,, aqueous Me,CO, room
temperature, 12 h) led to quinone 21 in 92% yield after preparative
silica gel TLC (9:1 CHCl;/EtOAc): mp 242-243 °C; NMR (400
MHz) § 2.24 (3 H, s), 3.94 (3 H, 5), 3.95 (3 H, s), 3.96 (3 H,
s), 3.99 (3 H, s), 4.92 (2 H, AB quartet, J = 11.2 Hz), 6.29 (1
H, s), 6.85 (2 H, AB quartet, J = 8.3 Hz), 7.00-7.11 (5 H, m);
8.50 (1 H, d,J = 8.6 Hz), 9.04 (1 H, d, J = 8.6 Hz); UV
(MeOH)A_., 208 (¢ 50000), 254 (37 600), 281 sh (19 400), 368
(11 500), 449 nm (4300).

The TLC behavior and all spectroscopic properties of our
quinone 21 were identical with those of a comparison sample kindly
supplied by Professor Weinreb. Since introduction of the A-ring
amino function by using our selective IN3 procedure® has been
employed to convert quinone 21 in four steps (10% yield) to
streptonigrin (1),% the above chemistry comprises a new total
syntheis of this antitumor agent. Our synthesis leads from 2-
benzyloxy-3,4-dimethoxypropiophenone to quinone 21 in 19 steps
with an overall yield of ca. 1.3%, an order of magnitude higher
than previously reported.

(14) VanRheenen, V.; Kelly, R. C.; Cha, D. Y. Tetrahedron Let:.1976,
1973,

(15) Lindgren, B. Q.; Nilsson, T. Acta Chem. Scand. 1973, 27, 888.
(16) Shiori, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972, 94,
6203.
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Binuclear copper systems are implicated in a wide variety of
biochemical processes, especially in transport and multielectron
redox reactions of molecular oxygen. Recent interest has focused
on the oxygen carrier, hemocyanin! and the oxidase enzymes,
tyrosinase,? laccase,’ and ceruloplasmin.* Particularly intriguing
are the changes in spectroscopic, magnetic, and electron resonance
data with reactions at the binuclear site.> For example, oxy- and
methemocyanin,® although both formally Cu(II), species, are ESR
silent, and magnetic susceptibility studies place a lower limit of
-550 cm™! for the antiferromagnetic exchange interaction in the
oxy form.” Chemical, spectroscopic, and EXAFSS studies suggest
that the two coppers are held by an unknown® endogenous ligand
at a distance of 3.4-3.7 A. However, reaction of hemocyanin with
NO or NaNO, (pH ~6)!° causes conversion to a dimer form
which, despite the similarity of its optical properties to the met
form, is EPR active, and the Cu—Cu distance is estimated as ~6
A. In this communication, we present studies on and X-ray
structures of a binuclear copper system which demonstrates like
properties.

We have previously described the ligand L (or (- +))! and
the binuclear copper(I) complex 1, [{Cu(I): « -Cu(I))](BF,),,
which in propylene carbonate (PC) solution absorbs CO (rever-
sibly) and O, (partly reversibly).!? Treatment of 1, (in nitro-

(1) (a) Himmelwright, R. S.; Eickman, N. C,; Solomon, E. I. J. 4m.
Chem. Soc. 1979, 101, 1576. (b) Himmelwright, R. S.; Eickman, N. C.;
Lubien, C. D.; Solomon, E. I. Ibid. 1980, 102, 5378 and references therein.

(2) Eickman, N. C.; Solomon, E. I.; Larragee, J. A.; Spiro, T. G.; Lerch,
K. J. Am. Chem. Soc. 1978, 100, 6529.

(3) (a) Farver, O.; Goldberg, M.; Wherland, S.; Pecht, J. Proc. Natl. Acad.
Sci. US.A4. 1978, 75, 5245. (b) Farver, O.; Goldberg, M.; Pecht, J. FEBS
Lett. 1978, 94, 383.

(4) Dawson, J. H.; Dooley, D. M.; Gray, H. B. Proc. Natl. Acad. Sci.
U.S.A4. 1978, 75, 4078.

(5) Fee, J. A. Struct. Bonding (Berlin) 1975, 23, 1.

(6) It has recently been suggested!® that the “dimer” and “met” nomen-
clature used here be replaced by “EPR-detectable met” and “EPR-nonde-
tectable met”.

(7) Dooley, D. M.; Scott, R. A.; Ellinghaus, J.; Solomon, E. I. Proc. Natl.
Acad. Sci. US.A. 1978, 75, 3019,

(8) Brown, J. M.; Powers, L.; Kincaid, B.; Larrpbee, J. P.; Spiro, T. G. J.
Am. Chem. Soc. 1980, 102, 4210.

(9) In the oxy protein, the coordination around the Cu?* ions is, as yet,
unknown; however, recent EXAFS (cf. ref 8) and other studies suggest the
presence of three imidazole groups, O,, and a further bridging ligand.

(10) (a) Schoot Uiterkamp, A. J.; FEBS Lert. 1972, 20, 93. (b) Schoot
Uiterkamp, A. J.; van der Deen, H.; Berendsen, H. C.; Boas, J. F. Biochim.
Biophys. Acta 1974, 372, 407.

(1) L is 1,4-bis[(1-oxa-4,10-dithia-7-azacyclododecan-7-yl)methyl)-
benzene which can bind two metal ions in an ear-muff configuration clearly
demonstrated in Figure 2.

(12) Bulkowski, J. E.; Burk, P. L.; Ludmann, M. F., Osborn, J. A. J.
Chem. Soc., Chem. Commun. 1977, 498.
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Figure 1. Structure of the [{(Cu(II)(NO,)- - -Cu(I[)(NO,)}]** cation.
The Cu- « «Cu interatomic distance is 11.264 (6) A. Selected bond
distances (in A) (the second value corresponds to the related distances
or angles for the unlabeled half of the molecule): Cu-O(2), 1.91 (3), 1.95
(3); Cu—0(3), 2.38 (3), 2.50 (3); Cu—N(1), 2.06 (3), 2.02 (3); Cu-S(4),
2.342 (6), 2.377 (6); Cu—0O(7), 2.34 (2), 2.22 (2). Selected bond angles
(in deg): N(1)-Cu-0(2), 169.6 (2), 163.8 (1); N(1)-Cu-S(4), 88.7 (5),
88.4 (5); N(1)-Cu-0(7), 100.8 (7), 103.6 (8); S(4)-Cu—0(2), 92.6 (6),
93.7(6); S(4)-Cu-0(7), 82.6 (5), 82.6 (4); O(7)-Cu-0O(2), 89.6 (8), 92.6
(8).

Figure 2. Structure of the [{Cu(II)=(OH)-Cu(II)}]** cation. The Cu-
««Cu interatomic distance is 3.384 (9) A and the bond angle Cu—O(I)-Cu
is 132.2 (4)°. Selected bond distances (in A): Cu-O(1), 1.85 (2);
Cu-N(1), 2.06 (5); Cu-S(4), 2.35 (2); Cu-0O(7), 2.37 (4); Cu-8(10),
2.39 (2). Selected bond angles (in deg): O(1)-Cu-N(1), 167.2 (9);
O(1)-Cu-S(4), 95.5 (8); O(1)-Cu—0(7), 98.1 (9); O(1)-Cu-S(10), 95.4
(8); N(1)-Cu-0O(7), 94.8 (9); S(4)-Cu-S(10), 159.5 (7).

methane) with NO yields a dark-green solution from which, on
addition of THF, 2 crystallizes as the dark-green BF,” salt. The
X-ray structure of 2 consists of discrete binuclear cations [{Cu-
(IHNO,: - «Cu(II)NO,)]** (Figure 1) and BF, anions.!* Each
Cu(II) has a distorted octahedral environment consisting of the
ONS,; donor set of the ligand and, surprisingly, a chelating NO,~
group.!* The approximate symmetry of the cation is C,, with
the crystallographic plane of symmetry containing the following
atoms: 2 Cu, 2 NO,, O(7), O(27), N(1), N(21), C(13), C(14),
C(17), and C(20). Elongation along one axis produces asym-
metrically coordinated NO,™ groups, as reflected by the longer
Cu-O distances 2.38 (3) and 2.50 (3) A compared to the shorter
ones 1.91 (3) and 1.95 (3) A. The Cu(II)- - -Cu(lII) intramolecular
distance is 11.264 (6) A since L is in an open configuration.

[{Cu(ID)(H;0)y - -Cu(I)(H,0)3)](BF,), (3) was prepared by
addition of Cu(BF,),»6H,0 (2 mol) to L (1 mol) in PC. The
resultant green crystals dissolved in PC show absorptions at 670
(ecy ~500), 390 (e, ~4300), 315 (ec, ~2000 cm™! mol™ L) and
275 nm (sh). The magnetic moment at 20 °C is 1.85 ug/Cu, and
the solid-state ESR spectrum at 20 °C shows a resonance at g,
= 2.099 with no detectable Am = 2 transition. Hence a normal

(13) 2 crystallizes in the monoclinic space group P2,/m with @ = 14.471
(4), b=17.201 (5), c = 8.835 (3) A; 8 = 106.19(2)°; M, = 909.56, peaseg =
1.430 g cm~ with Z = 2 formula units per cell. A total of 1910 independent
nonzero reflections were measured on a Picker FACS 3 diffractometer, and
1220 reflections with I > 3 o(I) were used in subsequent structure solution
and least-squares refinement. R,= 0.09 and R, = 0.10.

(14) The origin of the additional oxygen atom is unclear but may come
from adventitious traces of oxygen or by disproportionation of NO on the
complex.
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