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The annulations of «,3-unsaturated carbene complexes of
chromium with acetylenes have become the most synthetically
useful reactions of Fischer carbene complexes, as indicated by their
demonstrated applications in organic synthesis.> When the un-
saturated substituent of the carbene ligand in 1 is an aryl group,
either the five- or six-membered-ring annulation products are
possible;® however, for alkenyl complexes of the type 1, only
six-membered-ring products have been reported.* Given the
established synthetic importance of the annulation of chromium
carbene complexes for the production of carbocycles, the devel-
opment of this reaction for the synthesis of heterocycles has re-
mained an alluring yet heretofore elusive goal.®
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In considering the adaptation of these annulations to the con-
struction of nitrogen heterocycles, the only known aza analogue
of 1 is the imine class of complexes of the type 4.1'¢ Although
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Table I. Pyrroles from the Heteroannulation of Imino Complexes 4¢
product % yield

entry complex R, R; Ry Rs series of 13
1 4a Ph Ph Et Et a’ 97
2 4a Ph  Ph n-Pr OEt b 94
3 4a Ph Ph Et (C=0)CH, c 98
4 4b Ph  CH; Et Et a° 81
5 4c Ph  t-Bu »nPr H ed 94
6 4c Ph  t+-Bu Et Et f" 85
7 4d CH, Ph  Et Et a4 84

9Unless otherwise specified, all reactions were carried out in hexane at 70
°C under argon at 0.014 M in carbene complex with 2.3-3.0 equiv of alkyne
for 2-3 days. Workup involves filtration, concentration, and direct purifi-
cation on silica gel. ®Temperature 85-90 °C. 1% 13e detected; 5% Se also
isolated. ¢Reaction time, 1 day.

several methods have been reported for their preparation, they
all suffer from low yields.!'>!2  These complexes can be prepared
much more efficiently from the addition of N-silyl imines, gen-
erated in situ from aldehydes and lithium hexamethyldisilazide,!?
to methoxy and acyloxy carbene complexes.'*!>  The imino
complexes 4 are quite stable and (like the alkoxy complexes 9)
can be handled in air and purified on silica gel. They can be
prepared in two steps from chromium hexacarbonyl and in most
cases in good overall yield since the alkoxy complexes 9 are
generally obtainable in high to excellent yields.!® On the basis
of the known carbocyclic annulations of the complexes 1, the
heteroannulations of the imino complexes 4 can be anticipated
to give either 3-hydroxypyridine § or the pyrrole 6.

OH A
[ R—C®C—R; RY R, R s
4 H i | AND/OR Ii
CO)sCr
(CO)g N—< N R2 R
? Rg N
R? R H
4273 %, 4b67 %, 40 52% s .
CHeCle o) R
20°¢,02-2h L
R N &R e M
- N Y
(CO)sCr == + N N, N\|.. Rs
OMe R, 13 Rs B
9a R? « Ph, 9b R« Me, 10
9cR® « 1BU 7 [

The heteroannulations of the imino complexes 4 are remarkably
efficient and general (Table I). They are very highly chemo-
selective, giving only pyrrole products, and also highly regiose-
lective, giving only a single pyrrole with terminal acetylenes. The
yields are excellent with both terminal and internal acetylenes,
and furthermore, the pyrroles can be obtained from these het-
eroannulations in high yields with both electron-rich and elec-
tron-deficient acetylenes, a feat that is not possible with the
carbocyclic annulations of carbene complexes.* This new pyrrole
synthesis has several advantages to offer over existing methods!”
and compares favorably with the best of other transition-metal-
mediated approaches.!®
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In addition to the high yields realized with both electron-rich
and -deficient acetylenes, there are several other features of these
heteroannulations that are unprecedented in the carbocyclic an-
nulations of the complexes 1. First, the annulations of the alkenyl
complexes of the type 1 occur exclusively with carbon monoxide
incorporation to give only six-membered-ring annulation products,*
whereas the annulations of the imino complexes 4 give only
five-membered-ring annulation products. In one case, a 5% yield
of the six-membered-ring annulation product (3-hydroxypyridine)
was observed (Table I, entry 5). A second difference is that the
regioselectivity of alkyne incorporation is reversed for the het-
eroannulation of the imino complexes 4. On the basis of the
regioselectivity of the carbocyclic annulations,!® the expected
pyrrole is 6, where the alkyne is incorporated as illustrated in 8.
The formation of the unexpected regioisomer 13% occurs with a
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271:1 selectivity and is quite remarkable since this regioisomer
has never been observed as the major product for any carbocyclic
annulation.!® Equally as fascinating and unprecedented is the
dependence of the regioselectivity on the solvent.2! The pyrrole
13e is the exclusive isomer in hexane, whereas in acetonitrile the
formation of 6e occurs preferentially by a factor of 3:1.
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A mechanistic accounting of these heteroannulation reactions
is presented in Scheme I.  The mechanisms proposed for the
carbocyclic annulations? are not satisfying in accounting for the
formation of the pyrrole 13. While it is possible that 13 could
be formed from the regioisomer of the {2 + 2] cycloadduct 11
(not shown) which is formed from a reversal in alkyne incorpo-
ration, it is also possible that 13 could arise from the [4 + 2]
cycloadduct 12 as shown. The formation of two regioisomeric
five-membered products has not been observed for carbocyclic
annulations, but the intermediacy of a {4 + 2] cycloadduct of the
type 12 has been suggested?? and may be involved in certain
two-alkyne annulations.”? The formation of the pyrrole 6 and
the 3-hydroxypyridine § from 16 may occur via mechanisms
analogous to those proposed for carbocyclic annulations.??4
Further experiments will be needed before the mechanism for the
formation of the regioisomeric pyrroles 6 and 13 and the de-
pendence of their distribution on the solvent can be better un-
derstood.

Previously we and others have reported®!! the preparation of
O-alkyl and O-acyl imidate carbene complexes of the type 16,
which are closely related to the imino complexes 4. The heter-
oannulations of 16a and 16b both give higher selectivities for
3-hydroxypyridine formation as compared with the imino com-
plexes 4, as illustrated for their reactions with 1-pentyne.?® It
is also quite interesting that, unlike the imino complex 4c, the
O-acyl imidate complex 16d gives pyrrole 6e as the major re-
gioisomer. The heteroannulation of the O-alkyl imidate complex
16¢ with 1-pentyne fails due to nitrile deinsertion 3112

The demonstrated utility for pyrrole synthesis, the potential
for 3-hydroxypyridine synthesis, and the unique mechanistic issues
raised by the initial results described herein should serve to
stimulate the further development of the heteroannulations of
chromjum carbene complexes.
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Oligodeoxyribonucleoside phosphorothioates are isoelectronic
analogues of natural phosphodiesters in which one of the oxygen
atoms that does not participate in the internucleotidic linkage is
replaced by a sulfur atom.! Unlike natural oligomers, phos-
phorothioate oligodeoxyribonucleotides are resistant to degradation
by nucleases! and, hence, have demonstrated their usefulness as
“antisense” molecules by inhibiting gene expression in vitro.2 The
inhibitory mechanism is presumed to occur by binding specific
messenger RNAs (the “sense” molecules) as DNA-RNA duplexes
thereby impairing the translation of the messages by the ribosomes?
and/or from the degradation of the heteroduplexes by RNase H.4

In experiments using “antisense” DNA fragments as potential
therapies against AIDS,’ it has been shown that phosphorothioate
oligomers inhibited the cytopathic effect of HIV-1 in chronically
infected H9 cells.® These results suggest that oligonucleoside
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phosphorothioates may represent a new class of therapeutic agents.
Consequently, the availability of these analogues is urgent and
crucial for clinical evaluation. Our efforts at improving their
preparation are reported herein.

The automated synthesis of phosphorothioate DNA’ 1! ac-
cording to the “phosphoramidite™ approach!? involves a stepwise
sulfurization reaction effected by a solution of elemental sulfur
(Sg). This relatively slow (7.5 min)? sulfur-transfer reaction has,
in our laboratory, led to instrument failure as a result of the
insolubility of Sg in most organic solvents.!* To circumvent these
problems, a novel sulfurizing agent was designed according to the
following criteria: (i) The reagent must be readily prepared and
easily handled under laboratory conditions. (ii) The stability and
solubility of the reagent in various solvents and concentrations
must be compatible with automated oligonucleotide synthesis. (iii)
The reagent must exhibit fast sulfurization reaction kinetics, and
most importantly, it must quantitatively convert phosphite triesters
into phosphorothioate triesters without nucleosidic modifications
to ensure the genetic integrity of the synthetic DNA.

Conceptually, thiosulfonates!4-16 are attractive reagents for
sulfur-transfer reactions. These compounds are susceptible to
nucleophilic attack by phosphite triesters at the sulfenyl sulfur
leading to the cleavage of the polarized sulfur-sulfur bond and
the generation of a sulfinate anion! (Figure 1). This anion would
then trigger an intramolecular cyclization!¢ to complete the
sulfur-transfer reaction with enhanced kinetics.!”  Selected
thiosulfonates were therefore prepared and evaluated with respect
to the criteria outlined above (data not shown). Thiosulfonate
1'8 fulfilled all requirements. The compound, isolated in large
quantities (20 g), was prepared in 50% yield by the oxidation of
3H-1,2-benzodithiole-3-one!® using trifluoroperoxyacetic acid.?

The efficacy of the sulfurizing reagent was tested during the
automated solid-phase synthesis of the dinucleoside phosphoro-
thioate 3 (Figure 1). A 0.2 M solution of 1 in acetonitrile?! was
used to sulfurize 2 during a period of 30 s. To assess the extent
of the reaction, excess 1 was immediately washed away with
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