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ABSTRACT: Densely substituted and highly oxygenated
carbocycles are challenging targets for synthesis. In
particular, those possessing numerous contiguous, fully
substituted carbon atoms (i.e., tertiary alcohols and
quaternary centers) are often not accessible in a direct
fashion, necessitating the strategic decoupling of ring-
formation from the establishment of functionality about
the system. Here, we describe an approach to the
construction of highly oxygenated mono-, di-, and
polycyclic carbocycles from the reaction of disubstituted
alkynes with - or y-dicarbonyl systems. These processes
embrace a variant of metallacycle-mediated annulation
chemistry where initial alkyne—carbonyl coupling is
followed by a second, now intramolecular, stereoselective
C—C bond-forming event. In addition to revealing the
basic reactivity pattern in intermolecular settings, we
demonstrate that this class of reactivity is quite powerful in
a fully intramolecular context and, when terminated by a
stereoselective oxidation process, can be used to generate
polycyclic systems containing a fully substituted and highly
oxygenated five-membered ring.

ighly oxygenated carbocycles remain challenging targets

for efficient chemical synthesis." While a great variety of
ring-forming reactions are available to assemble diverse
polycyclic systems, even the most powerful of modern methods
are not well equipped to simultaneously establish numerous
and/or contiguous fully substituted sp® centers (quaternary
centers and tertiary alcohols) within the newly formed ring.
This deficiency in reaction methodology has resulted in
strategies to oxygenated carbocycles that typically proceed in
two distinct phases, where ring-formation is strategically
decoupled from establishing the dense functionality of the
system.ld Despite impressive recent momentum in the
development of reactions capable of complementing modern
ring-forming processes with sequential functionalization chem-
istry,” carbocyclic systems that contain numerous/contiguous
fully substituted sp® carbons (ie, 1—3; Figure 1A)’ remain
quite difficult to prepare. Here, we describe a mode of reactivity
that can be employed for the formation of five- and six-
membered rings, either in isolation or as part of a polycyclic
system, that merges the process of ring-formation with the
establishment of densely oxygenated molecular architecture (I
and II, n = 0 or 1; Figure 1B).
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Figure 1. Introduction.

Study began with the goal of achieving the sequence of bond-
forming processes summarized in Figure 1C. Chemoselective
activation of III through formation of a metallacyclopropene (i)
was expected to be followed by carbonyl addition and result in
a functionalized oxametallacyclopentene (ii).* This intermedi-
ate was thought to be of potential value in a subsequent C—C
bond-forming process, where complexation of the distal
carbonyl oxygen to the metal center would facilitate a
stereocontrolled nucleophilic addition en route to the bridged
metal alkoxide-containing system (iii). While such a sequence
of bond-forming events has, to our knowledge, never been
described for the synthesis of stereodefined diols,” reaction
cascades of metallacyclopropane/ene intermediates have been
proposed as central characteristics of other Group IV metal-
mediated annulation reactions.”” Overall, it was reasoned that
the chemical transformations targeted here would accomplish
what other annulation reactions in organic chemistry do not,
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accomplishing five- or six-membered ring-formation while
simultaneously establishing at least two tertiary alcohols, with
the most complex examples furnishing products that house up
to five contiguous fully substituted sp” carbons.

Our first set of experiments aimed at investigating the
feasibility of this reaction design is illustrated in Figure 2. These
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Figure 2. Intermolecular alkyne—dicarbonyl coupling reactions.

processes proceeded with modest efficiencies (<53% yield), yet
provided the first glimpse of success associated with the basic
reaction design. While initial attempts to realize carbocycle-
formation from the union of TMS-phenylacetylene (4) with
methyl 4-oxobutanoate (5) were met with failure (eq 1), it was
soon found that replacing the ester of 5 with a ketone led to
success. As depicted in eq 2, Ti-mediated coupling of alkyne 4
with the y-keto-aldehyde 7 led to formation of the isomerically
pure cyclohexene diol 8 in a 45% isolated yield—notably, no
evidence was found for the presence of regio- or stereoisomeric
products in this coupling reaction. It is suspected that
cyclohexene product 8 is formed by initial regioselective
alkyne—aldehyde coupling® followed by stereoselective intra-
molecular reaction of the resulting oc_r; bond of the
oxametallacyclopentene with the pendant ketone. As illustrated
in eqs 3 and 4 of Figure 2, this annulation process proved to be
effective with TMS-alkynes bearing heteroaryl and branched
aliphatic substitution (9 and 11). In both cases cyclohexene
products were formed that possess a secondary and tertiary
allylic alcohol set in a 1,4-syn relationship (10 and 12).” These
types of functionalized cyclohexene products are not readily
available from other convergent methods for carbocycle-
formation."’

As illustrated in eq S of Figure 3, this basic reaction process
was effective for coupling an internal alkyne to a 1,3-diketone,
although success was only modest (15 was isolated as a single
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Figure 3. Annulation reactions involving diketones. Reaction
conditions: (a) Ti(Oi-Pr),, i-PrMgCl, THF, —78 to —20 °C, then
aq NaHCOj5; (b) Ti(Oi-Pr),, i-PrMgCl, THF, —78 to —20 °C (or rt),
then +-BuOOH, then aqg NaHCO;.

isomer in 37% yield). In this initial reaction with a 1,3-diketone,
it was found that changing the nature of the reductant from n-
BuLi to i-PrMgCIl was critical to achieving even this modest
level of success.'" While it remains unclear why this reaction
process was not effective with n-BuLi as reductant, questions
remain regarding the elementary steps of the initial reaction
process en route to the relevant Ti—alkyne complex."”
Moving forward with the goal of exploring the potential value
of this reaction process for delivering densely functionalized
polycyclic carbocycles, we shifted to investigating intra-
molecular variants. Here, chemoselective Ti-mediated alkyne
activation in the presence of the dicarbonyl system was reasoned to
be an important first step to achieving success.'” As illustrated
in eqs 6 and 7 of Figure 3A, it was found that stereoselective
cyclization of alkyne-containing 1,3-diketones is not only
possible, but more efficient than the intermolecular variant.
Here, the bicyclo[3.3.0]octane products 17 and 19 were
isolated as single isomers in 63% and 65% yields, respectively.
Next, we considered the penultimate titanium-complexed
intermediate in these reactions as a potential valuable species
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Figure 4. Exploring synthesis design with the alkyne—dicarbonyl annulation reaction—control of relative stereochemistry in the ring-forming process,
and application to the synthesis of fused tricyclic carbocycles containing a fully substituted cyclopentene or cyclopentane, and including up to six
contiguous stereocenters. Reaction conditions: (a) Ti(Oi-Pr),, i-PrMgCl, THF, —78 to —20 °C, then aq NaHCOj; (b) Ti(Oi-Pr),, i-PrMgCl, THF,

—78 to —20 °C, then t-BuOOH, then aq NaHCO,;.

for subsequent stereoselective functionalization (i.e., compound
iii in Figure 1C). In particular, we recognized that its proximity
to the product alkene could facilitate stereoselective oxidation.
Pursuit of this concept resulted in the establishment of an
annulation procedure that delivers cyclopentene products that
possess five consecutive fully substituted sp® carbons, doing so
in a highly stereoselective manner. As illustrated in eq 8 of
Figure 3A, simply terminating the annulation reaction by
quenching with t-BuOOH'" results in the stereoselective
formation of the epoxydiol-containing bicyclo[3.3.0]octane
product 20 in 79% isolated yield (no evidence was found for
the production of stereoisomeric products)."”

The intramolecular version of this diketone-based annulation
reaction was next explored with y-diketone substrates to the
teasibility of accessing stereodefined and oxygenated hydrin-
danes. As illustrated in eq 9 of Figure 3A, Ti-mediated
annulation, followed by an oxidative quench with +-BuOOH,
delivered the highly oxygenated hydrindane 22 in 49% isolated
yield (the structure of 22 was confirmed by X-ray diffraction).

Not unlike other newly discovered reactions in organic
chemistry, this annulation process was found to have limitations
(Figure 3B). For example, the diketone 23 delivered a product
mixture containing ~30% of a product derived from
monocyclization and intermolecular addition of a propyl
group to the unhindered methyl ketone. Alternatively,
substrates containing a conjugated alkyne (24) or a propargylic
ether (25) were also problematic, perhaps due to varying rates
associated with reaction of the intermediate Ti-based organo-
metallic [(i-Pr),Ti(Oi-Pr),, or decomposition products there-
of]"> with the alkyne vs the dicarbonyl system.

Despite observing some limitations, this alkyne—dicarbonyl-
based annulation reaction could be valuable in helping to
stimulate the invention of new synthesis strategies to complex
polyoxygenated targets. To facilitate such adoption of this
reactivity in synthesis design, it is important to demonstrate
that stereoselectivity of the annulation process can be achieved
by substrate control, where pre-existing substrate chirality can
be used to control the stereochemical course of the process. In
efforts that seek to explore both of these points, focus shifted to
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considering how the annulation reaction may be wielded to
address a complex target-oriented synthesis problem in a
unique way.

As illustrated in Figure 4A, a synthesis pathway that embraces
the alkyne—dicarbonyl annulation reaction was conceived to be
of potential value for accessing the densely functionalized
carbocyclic core of ryanodol—a structure that contains a
central cyclopentane that is composed of five fully substituted
sp® carbons (four tertiary “alcohols” and one quaternary
center). Here, a chiral substrate akin to I was viewed as a
potential precursor to the epoxydiol-containing tricycle II—an
intermediate that was postulated to be of value in establishing
tricyclic species IV through lactone hydrolysis and ring closure.
In the key annulation reaction proposed (I — II), stereo-
chemistry would need to be controlled by the C4 stereocenter,
leading to attack at C3 from the a-face and translation of that
newly formed stereochemistry to the next C—C bond-forming
event. After establishing the C1 tertiary alcohol, the stage would
be set for directed epoxidation of the remaining alkene to
deliver IL

As illustrated in Figure 4B, the key steps of this annulation
were tested with a model system. Cyclohexanone (26) was
advanced to the alkynyl ketone 27 by conversion to its
corresponding hydrazone, alkylation with 1-iodo-3-pentyne,
and hydrolysis. Next, regioselective generation of the kinetic
enolate was followed by acylation and stereoselective
methylation to deliver substrate 28. To our delight, it was
found that exposure of 28 to the standard conditions for
annulation delivered the stereodefined tricyclic product 29 as a
single isomer in 40% isolated yield. Similarly, oxidative
quenching of this annulation process with -BuOOH delivered
the complex epoxydiol 30 in 62% yield. As we have
encountered throughout these investigations, no evidence was
found for the production of stereoisomeric products in the
intramolecular annulation reactions of 28.

In conclusion, we report a general annulation strategy for the
synthesis of densely functionalized and highly oxygenated
carbocycles that proceeds through the union of alkynes with
dicarbonyl systems. The reactions that have emerged through
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these studies are complementary to classic carbocycle-forming
processes in organic chemistry, delivering products not readily
available from Pauson—Khand, Diels—Alder, or Robinson
annulation chemistry. The reactivity realized is thought to
proceed through a metallacycle-centered reaction cascade that
engages each metal—carbon bond of a metallacyclopropene in
reactions with two different carbonyl systems. In addition to
establishing the basic coupling process and exploring its utility
in intramolecular settings, our studies have demonstrated the
ability to conduct this annulation reaction in an oxidative
manner, delivering carbocyclic products that bear 4-—§
contiguous fully substituted sp®> carbons with all C—O bonds
residing on a single face of the carbocyclic system. Finally, we
have demonstrated that relative stereoselection is possible to
control with a chiral cyclic substrate, and use of this annulation
reaction delivers complex and highly oxygenated tricyclic
carbocycles (ie, 29 and 30) in just a handful of steps from
commercially available starting materials (ie, 26). We look
forward to exploring key features of this annulation reaction in
ongoing methods development projects and target-oriented
synthesis campaigns.
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