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It can be argued that the two most important reactions of
organochromium compounds in organic synthesis are the benz-
annulation reactions of Fischer carbene complexes? and aromatic
nucleophilic substitution/addition reactions on (arene)chromium
tricarbonyl complexes.>* It is remarkable that although the
products of the benzannulation reactions are (arene)chromium
tricarbonyl complexes, they have never been utilized as substrates
for aromatic nucleophilic substitution/addition reactions. The
products from the benzannulation reaction are phenols of the type
2, and the use of a base strong enough to generate a carbanion
on the side chain of 2 would be expected to first generate a
phenolate complex, which would be unlikely to suffer nucleophilic
addition. Thus, one of the reasons that complexes of the type 2
have never been used as substrates for nucleophilic addition is that
all attempts to protect the phenol functionality while at the same
time retaining the Cr(CO), group have failed.>$

In principle, the strategy of employing a tandem benz-
annulation/aromatic nucleophilic addition could lead to direct
routes to synthetic intermediates useful for the preparation of
spirobicyclic compounds such as acorenone,’ a spirobicyclic ses-

* This paper is dedicated to Professor E. O. Fischer, who was the first to
describe the preparation of both chromium carbene complexes and (arene)-
chromium tricarbonyl complexes.
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quiterpene, or to fused bicyclic products such as the anthracycline
antitumor antibiotics® if conditions could be found to control ipso
versus vicinal intramolecular nucleophilic attack in complex 3.
While vicinal products such as 5§ can be directly obtained by
oxidative induced loss of hydride, current methodology in nu-
cleophilic additions to (arene)chromium tricarbonyls requires that
spiro products be generated as dienes by protonation of inter-
mediates of the type 6, which can lead to mixtures of olefin isomers
(i.e., 4in Scheme I).’ Oxidative workup of spirocyclic anionic
intermediates of the type 6 leads to isomeric mixtures of fused
products by a presumed Wagner-Meerwein shift when a cationic
form of 6 is reached in the oxidation.'® We report here the first
successful development of methods for the protection of the phenol
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complexes 2, the controlled nucleophilic additions to the arene
complexes 3 to give either spirocyclic or fused bicyclic products,
and the development of an oxidative method for the generation
of spirocyclic products that relies on the ability of the silicon in
8 to arrest Wagner-Meerwein shifts by intercepting cations
generated in the oxidation of 8 (Scheme II).

The protected (phenol)chromium tricarbonyl complexes 3 can
be generated in situ by carrying out the reaction in the presence
of a silyl triflate and 2,6-lutidine or by a silyl-transfer strategy
if a silyl substituent is incorporated into the 8-position of carbene
complex 1 (R; = SiR;).!" The phenol complexes 3 can be isolated
as their silyl ethers in good yields (69-77% yield) from the re-
actions of a number of carbene complexes with either 6-cyano-
1-hexyne (10a) or the alkyne 10b and are stable to silica gel as
their rert-butyldimethylsilyl or triisopropylsityl derivatives (Scheme
III). In each case the silylated phenol complex was produced
in a yield at least as good as (and often better than) the yield of
the corresponding quinone if an oxidative workup was employed.'*

The regioselectivity of the benzannulation st2p is highly selective
as expected,'? and the regioselectivity of the aromatic nucleophilic
addition is dependent on both the nature and positions of the
substituents on 3 and on whether the reaction is carried out under
kinetic or thermodynamic control.>!*!> The regioselectivity for
nucleophilic addition in these reactions is surprising, since although
in simple systems intramolecular nucleophilic additions to arene
Cr(CO), complexes are selective, this is lost in more functionalized
examples.” In the case of the complex 3a, the closure can give
exclusively either the spirocyclic adduct 9a, when the reaction is
quenched with iodine at ~78 °C, or the fused aromatic product
Sa, when the reaction is quenched at 0 °C (Table I). A com-
parison of the reactions carried out under kinetic control (method
A) reveals a correlation between the nature of the aryl substituents
and the regioselectivity of the addition that is similar to that which
has been generally established.!>!¢ The two oxygen substituents
appear to be largely offsetting since either product can be obtained
in the reaction of 3a, and in the reaction of the methyl-substituted
complexes 3b and 3d, the kinetic addition is meta to the methyl
groups whereas normally a methoxyl will dominate a methyl group
in controlling the addition.

In an effort to extend this methodology to the tetracyclic carbon
skeleton of anthracyclines,® we sought to include an arene ring
in the tether to the carbanion-stabilizing group. Since the pX,
of the carbanion needs to be =~25 for optimal nucleophilic
closure,>!” we chose the sulfide-substituted complexes 3h and 3i
as target precursors which could be efficiently generated from
alkyne 10b.'® The advantage of the benzannulation reaction is
evident for the preparation of 3h and 3i (and also complexes from
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Table I. Sequential Benzannulation/Aromatic Nucleophilic
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4Reactions run in CH,Cl,, 0.05 M in 1b—e with 1.5 equiv of 10a or
1.3 equiv of 10b, 1.5 equiv of TBS- or TIPS-OTf, and 2.5 equiv of
2,6-lutidine, 50-65 °C, 15~-24 h. Reactions with 1a are the same ex-
cept that the silyl triflate and lutidine were omitted. ®All yields are for
isolated products purified by silica gel chromatography in air.
“Reactions run in THF, 0.02-0.05 M in 3: (A) 1.2 equiv of LDA, -78
°C, 1.5 h, then 7-8 equiv of I,, 78 °C, 1 h; then 25 °C, 1-3 h; (B) 1.2
equiv of LDA, ~78 °C, 10 min, then 0 °C, | h, followed by addition of
7-8 equiv of I, at 0 °C, then 25 °C, 2-4 h. ?9a-e isolated as ca. 2:1
mixtures of separable diastereomers; 9f isolated as a ca. 2:1 mixture of
inseparable diastereomers (Scheme III). ¢Reference 22. /Reference
24, £Crude '"H NMR revealed the absence of 9e and Se and the pres-
ence of two compounds (~30% each), one of which was identified as
the decomplexed arene 3f.

6-cyano-1-hexyne) since their generation from the free arene could
lead to coordination of Cr(CO); to any of the three arene rings
or to the sulfide group (or nitrile group). In comparing the
positions of attack in complexes 3f and 3h it is clear that the
inclusion of the two sp2-carbons in the tether biases the attack
toward fused-ring products. The reaction gives only the fused
tetracyclic product 5g% in 85% yield if the triisopropylsilyl complex
3iis employed. It is not clear whether the difference in the siloxy
groups in 3h and 31 (also 3f and 3g) is due to a steric impact on
the nucleophile or to an effect on the conformation of the Cr(CO);
group, but if there is a steric effect, it is not expressed in the
reactions of 3d and 3e.4n!41521

(20) The fused product Sf was isolated exclusively as tetrahydro-
naphthacene 11f resulting from the loss of benzenethiol, and 5g was isolated
as a variable mixture with tetrahydronaphthacene 11g, where 5g was favored
with smaller excesses of iodine. (See supplementary material.)
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The tandem benzannulation/nucleophilic aromatic addition
permits synthetic strategies for direct access to either spirobicyclic
or fused bicyclic intermediates. It also obviates many of the
tactical problems that have been encountered previously in the
intramolecular application of aromatic nucleophilic additions to
chromium arene complexes, which may be transferable to in-
termolecular examples as well.
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In connection with the observation that mixtures of Ru;(CO);,
and {PPN]CI are good catalyst precursors in the hydro-
esterification of ethylene by methyl formate! to produce methyl

Figure 1. Perspective view of the dianionic unit of complex 4. Selected
interatomic distances (A): Ru(1)~Ru(3) = 2.812 (2); Ru(2)~-Ru(3) =
2.806 (2); Ru(1)~Ru(2) = 2.870 (1); Ru(3)-Ru(4) = 2.766 (2); Ru-
(1)«Ru(4) = 3.502 (2); Ru(2)~Ru(4) = 3.463 (2); Ru(1)-ClI(1) = 2.536
(4); Ru(2)-CI1(2) = 2.534 (4); Ru(4)-CI(1) = 2.417 (4): Ru(4)-Cl(2)
= 2.416 (4).

propionate (eq 1),2° we attempted to trace the transformation of

preformed ruthenium carbonyl halide species [PPN][Ru,(Cl)-

(CO) 2-4] (1-3) (n =1, 2, 3)*° under catalytic conditions.
Ruy(CO) 5/ [PPN]CL, dimethylformamide

H,C=CH, + HC(O)OCH;

160 °C, 12 h, 100% conversion
CH,CH,C(0)OCH; )
99% selectivity, turnover = 339

During the course of preliminary experiments aimed at eval-
uating the optimum Ru/halide ratio, we were led to discover that
[PPN}[Ru;(u;-C1)(CO)q] (3)° reacts cleanly with [PPN]Cl under
a stream of inert gas to provide a unique dianionic species
[PPN],[Ru,(u-C1),(CO),,] (4) according to eq 2.

argon stream
4[PPN][Ru3gu3-Cl)(CO)9] + 2[PPN]CI

———e
THF, 60°C, 1 h

3[PPN]2[RU4S‘IJ'C1)2(CO)|l] + 3CO (2)

The red complex 4, insoluble in THF, was isolated by filtration,
recrystallized in 70% yield, and characterized by X-ray analysis.>
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