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Abstract

A convergent synthesis of highly substituted and stereodefined dihydroindanes is described from
alkoxide-directed Ti-mediated cross-coupling of internal alkynes with substituted 4-hydroxy-1,6-
enynes (substrates that derive from 2-directional functionalization of readily available epoxy
alcohol derivatives). In addition to describing a new and highly stereoselective approach to
bimolecular [2+2+2] annulation that delivers products not available with other methods in this
area of chemical reactivity, evidence is provided to support annulation by way of regioselective
alkyne-alkyne coupling, followed by metal-centered [4+2] rather than stepwise alkene insertion
and reductive elimination. Overall, the reaction proceeds with exquisite stereochemical control
and defines a convenient, convergent, and enantiospecific entry to fused carbocycles of great
potential value in target-oriented synthesis and medicinal chemistry.

INTRODUCTION

Highly substituted and stereodefined hydroindanes define a structural motif that is
encountered in natural and synthetic small molecules of broad pharmacological and
biological relevance. Examples include complex natural products like cortistatin,!
batrachotoxin,? ouabain3 and cephalostatin® (Figure 1A), as well as a large collection of less
functionalized steroids that are prescribed daily for pharmaceutical intervention across a
diverse landscape of therapeutic areas (Figure 1B).%> Robust chemical methods based on
cycloaddition,® cation-olefin cyclization,” and Robinson annulation® are typically embraced
as strategies of choice for the assembly of such systems, yet these venerable methods can be
challenged when confronted with the goal of accessing enantiodefined, highly substituted
and/or oxygenated systems.?

Pioneered by Vollhardt, metal-mediated [2+2+2] annulation has surfaced as a useful strategy
for the synthesis of dihydroindanes.10 First demonstrated in a wholly intramolecular fashion,
recent studies have begun to describe the utility of such processes in intermolecular
settings,1 where the strategic benefit of convergency can dramatically enhance both the
efficiency and flexibility of synthetic pathways to complex carbocyclic targets. This area of
chemical reactivity, however, remains in its infancy, with intermolecular reactions being
plagued by challenges associated with overcoming barriers associated with chemical
reactivity (i.e. sluggish reactivity of substrates bearing substituted alkenes and/or sterically
hindered internal alkynes), controlling regioselectivity (i.e. site of C—C bond formation on
unsymmetrical systems) and stereoselection.}2 As such, the utility of [2+2+2] annulation in
target-oriented synthesis has been broadly constrained to the world of intramolecular
cycloisomerization chemistry.10

SUPPORTING INFORMATION PARAGRAPH:
Experimental procedures and tabulated spectroscopic data for new compounds (PDF) are available free of charge via the Internet at
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In the context of a program aimed at the control of intermolecular metallacycle-mediated C—
C bond formation, we have been actively engaged in the study of alkoxide-directed
approaches to achieve fine control of metallacycle reactivity. These studies have led to the
description of new intermolecular or convergent coupling reactions that have overcome the
substantial limitations associated with prior art [including the difficulty in achieving
sufficient reactivity and selectivity to accomplish bimolecular union of differentially
substituted internal alkynes (1 + 2 — 3; Figure 2A)13 and the cross-coupling of internal
alkynes with substituted alkenes (4 + 2 — 5; Figure 2B)14]. Here, we describe a general
solution to the asymmetric synthesis of densely functionalized hydroindanes that builds on
these earlier successes. In short, we report a highly stereoselective alkoxide-directed Ti-
mediated intermolecular annulation between readily available 4-hydroxy-1,6-enynes and
internal alkynes as a strategy to access densely functionalized hydroindanes (Figure 2C).
This reaction, while related to previous metallacycle-mediated transformations (i.e. [2+2+2]
annulation chemistry), is to our knowledge the first that is capable of delivering
stereodefined angularly substituted hydroindanes in a convergent and highly selective
manner using unsymmetric and non-tethered reaction partners.

As depicted in Figure 3, Ti-alkoxide-based methods have been described for intermolecular
[2+2+2], yet these methods yield substituted aromaticsl® (Figure 3A) or nearly symmetric
cyclohexadienes!® (Figure 3B). In this latter case, intramolecular diyne cyclization delivers
a symmetrical metallacyclopentadiene that is converted to a carbocyclic product by way of a
process that avoids any challenges with regard to regioselection. Other metallacycle-
mediated chemistry has been reported to access angularly substituted hydroindane products
as depicted in Figures 3C and 3D.10¢. 17 These methods represent impressive demonstrations
of intramolecular chemistry but, like many powerful modes of reactivity suitable for
intramolecular C—C bond formation, these metallacycle-mediated bond constructions have
not been demonstrated to be similarly useful in intermolecular settings. Given the
significance of convergency in realizing step-economical pathways to complex molecules,
this restriction to intramolecularity marks a significant limitation in the synthetic utility of
these latter methods.

In short, the chemistry described herein marks a substantial advance in metallacycle-
mediated annulation chemistry, offering a reaction process that enables bimolecular [2+2+2]
annulation as an entry to complex angularly substituted hydroindanes — structural motifs that
are encountered in a diverse array of natural products and synthetic molecules of
pharmacological relevance.

Initial investigation of intermolecular metallacycle-mediated coupling chemistry was
focused on the union of internal alkynes with notoriously sluggish reaction partners —i.e.
other internal alkynes and substituted alkenes. While a number of metallacycle-mediated
reactions of this ilk are known, all available transformations are substantially limited in
substrate scope. While reductive cross-coupling of alkynes is typically accomplished with
one terminal alkyne,18 related union of internal alkynes with substituted alkenes has
remained useful in only the simplest of cases — i.e. with unhindered terminal mono-
substituted alkenes.1? In fact, from a broader perspective, few reactions in organic chemistry
are suitable for the regioselective carbometalation of an electronically unactivated alkene or
alkyne; especially if such systems are 1,2-disubstituted.

In an attempt to overcome the well established barrier to bimolecular reactivity of preformed
metal-alkyne complexes with other electronically unactivated n-systems, we speculated that
an alkoxide-directed approach as depicted in Figures 4A and 4B may offer a convenient
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solution. In this way, rapid and reversible ligand exchange would serve as a mechanism to
render the carbometalation reaction intramolecular, and provide a means for stepwise
encapsulation of the metal center by an orchestrated sequence of metal-ligand, metal—
carbon, and carbon—carbon bond-forming processes. Importantly, in addition to providing a
pathway to overcome the barriers to reactivity associated with scores of potential
metallacycle-mediated cross-coupling processes, this strategy would define a mechanism to
control regioselection that is distinct from established processes based on steric or electronic
differentiation of the reacting n-systems.

To accomplish such a transformation, we accepted that catalytic versions of metallacycle-
mediated coupling would not be reasonable as a general solution to the problem. This
conclusion derived from the expected difficulty of favoring cross-coupling over
homodimerization in a system where both reactive n-systems are available (in large excess)
to the catalytic metal center. Also, we aimed to achieve ligand-directed C—C bond formation
with a ubiquitous free hydroxy group rather than with phosphines, thioethers, or terminal
alkenes.20 The combination of these factors led to the selection of established and
inexpensive Ti(IV) alkoxides as the metal of choice to accomplish alkoxide-directed
metallacycle-mediated cross-coupling as generalized in Figures 4B and 4C. In addition to
Ti(Oi-Pr)4 being easy to handle and purify in the absence of a glovebox, this reagent is
inexpensive, non-toxic, and on aqueous workup delivers byproducts that are easily removed
from product mixtures (TiO,, i-PrOH, and MgX, salts—from the RMgX-mediated reduction
of the Ti(IV) alkoxide). For these reasons, we moved forward with the development of
stoichiometric Ti(lV)-mediated alkoxide-directed metallacycle-mediated cross-coupling
chemistry.

As summarized in Figure 5, this strategy for the control of metallacycle-mediated C-C bond
formation proved to be quite effective and general.13: 14 In the case of alkyne-alkyne
coupling (Figure 5A), successful reactions were achieved with homopropargylic and bis-
homopropargylic alcohols, delivering 1,3-diene products as single regio- and stereoisomers.
In the case of products 9 and 10, the regioselectivity reported (= 42:1 and > 65:1) is based
on the signal-to-noise ratio of each TH NMR spectrum of the crude product mixture, as no
evidence could be found for presence of the other regioisomeric product. Symmetrical non-
conjugated alkynes are also viable coupling partners in this diene synthesis (— 11; — 12).
Further, while demonstrating a powerful means to overcome the barriers associated with
reactivity for the cross-coupling process, this directing group strategy proved quite effective
for overriding steric effects in the site-selective C—C bond forming process (i.e. for 13-15,
C-C bond formation occurs at the site distal to the free hydroxyl, independent of the nature
of the proximal substituent — Et, i-Pr, t-Bu).

This general strategy also proved to be effective in coupling substrates that contain a
hindered secondary alcohol directing group (i.e. — 16). And, most interestingly, coupling of
two unsymmetrical alkyne coupling partners proved to be highly selective, delivering
tetrasubstituted 1,3-dienes 17 and 18 as single isomers. Here, exquisite regioselectivity is
observed in the carbometalation of both ©-systems. This observation was a welcomed
surprise, as related coupling reactions of internal alkynes with carbonyl electrophiles do not
typically proceed with such high levels of regioselection.2! While the mechanistic origins of
this phenomenon remain to be determined, we suspect that the transition states associated
with the present coupling reactions are significantly more product-like, as one would suspect
that these processes are less exothermic than the analogous reactions of metal-alkyne
complexes with aldehydes. As such, the closer distance between the reactive loci in the
transition state should result in an enhancement of regioselection due to steric differences
between the alkyne termini.
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We note that these reductive cross-coupling reactions uniformly proceed with exceptional
levels of selectivity, albeit in modest yield (51-68%). This compromise is associated with
the frequent inability to push these reactions to completion and/or the observation of
homodimer derived from the alkynyl alcohol coupling partner. This second observation
likely arises from the use of a slight excess of Ti(Oi-Pr)4 to efficiently convert the first
alkyne coupling partner (2.5 eq) to the metal-alkyne complex.

Moving on to the more demanding coupling reactions between alkynes and alkenes, we
were delighted to find that the general approach taken with alkyne-alkyne coupling was also
effective here. As illustrated in Figure 5B, a range of products can be generated from the
union of internal alkynes with: (1) terminal-(— 19), (2) (E)-disubstituted-(— 20), (3) (2)-
disubstituted-(— 20), and (4) 1,1-disubstituted alkenes (— 21). In all cases, the site of C-C
bond formation is completely controlled by the position of the free hydroxy group in the
homaoallylic alcohol coupling partners. Further, as seen in the alkyne—-alkyne coupling
process, the union of unsymmetrical alkynes with unsymmetrical homoallylic alcohols also
proceeds with exquisite levels of regioselection with respect to both reacting n-systems (—
25 and 26). In these final cases, we observed a general lack of influence of double
asymmetric relationships on the stereochemical course of bond formation.

With a firm foundation of preliminary data that confirms the ability to employ a hydroxy-
group directing strategy to enable intermolecular metallacycle-mediated union of preformed
metal-alkyne complexes with internal alkynes or substituted alkenes, we moved on to
investigate the inherent reactivity of substrates that could react by either mode of reactivity
in isolation, or by a process that engaged all three n-systems in an annulation process.

As illustrated in Figure 6A, preformation of a Ti-alkyne complex of 28 (Ti(Oi-Pr), c-
CsHgM(gCl, Et,0, —78 to —30 °C), followed by addition of the lithium alkoxide of an enyne
coupling partner (27) may result in either: 1) alkene—alkyne coupling (to deliver A),14 2)
alkyne-alkyne coupling (to furnish B),13 or 3) [2+2+2] annulation (to produce the
functionalized carbocycle C).15: 16 As illustrated in Scheme 6B, alkene substitution plays a
dominant role in affecting product distribution.22 If the alkene is unsubstituted, reaction
proceeds by alkene—alkyne coupling to deliver 30 (eq 1). Alternatively, substrates that
contain terminal substitution on the alkene react by alkyne—alkyne coupling (eqgs 2 and 3).
Finally, a substrate bearing a simple 1,1-disubstituted alkene (35) undergoes reaction by yet
a different course — here, convergent union engages all three n-systems and proceeds by way
of a highly stereoselective [2+2+2] annulation, delivering the functionalized dihydroindane
product 36 in 83% yield as a single stereoisomer.

At this point, we speculated that the unique sequence of bond-forming events inherent to
these alkoxide-directed coupling reactions that was previously described as a “stepwise
encapsulation of the metal center by metal-ligand, metal-carbon, and carbon—carbon bond-
forming reactions” may define a powerful new direction for the control of metal-centered
[2+2+2] chemistry. Based on this perspective, we pursued the study of regio- and
stereoselection in this unique annulation process in hopes of achieving a robust strategy for
the synthesis of densely functionalized and stereodefined hydroindane systems that are not
accessible with current [2+2+2] annulation methods.

As illustrated in Table 1, a range of 4-hydroxy-1,6-enynes and substituted alkynes are
effective coupling partners in this stereoselective annulation process. Further, this reaction
proceeds in an enantiospecific fashion.232 As depicted in entry 1, union of the optically
active enyne 37 (95% ee) with Me,PhSi-alkyne 38 occurs in 74% yield to deliver a mixture
of regioiomeric hydroindane products, the major isomer of which is the stereodefined
hydroindane 39 (95% ee; dr > 20:1). While regiochemical control in the functionalization of
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alkyne 38 was not particularly high in this case (rs = 2:1), the stereochemically-defined
product 39 possesses substitution of significance in the context of de novo steroid synthesis
[see C8, C9 and C11 (steroid numbering)]. In efforts to explore the scope of this annulation
process, we observed enhancements in regioselection as a function of the coupling partners
employed. First, regioselection was seen to increase slightly when using the TMS-
substituted alkyne 41 that contains an aliphatic substituent (CH,CH,OPMB) rather than Ph
(as in 38). Coupling of 40 with alkyne 41 proceeds in 75% yield to deliver a 3:1 mixture of
regioisomeric carbocycles, the major isomer of which is the hydroindane product 42 (dr >
20:1; entry 2). Regioselection also improved in the coupling reaction of TMS-substituted
enyne 44 with 4-hydroxy-1,6-enyne 43 (entry 3). Here, the annulation event proceeds with
4:1 regioselection, > 20:1 diastereoselection, and the major isomer 45 can be isolated in
53% yield as a single isomer. Finally, when the alkene of the 4-hydroxy-1,6-enyne possesses
a more sterically demanding substituent (as compared to Me), regioselection also increases
(entry 4). Here, union of the benzyl-substituted substrate 46 with TMS-alkyne 47 proceeds
with 5:1 regioselection, > 20:1 diastereoselection, and the major product 48 can be isolated
in 55% yield as a single isomer.23? While in entries 3 and 4 of Table 1, the major isomer
could be separated from the minor regioisomer, it is important to note that in all cases,
purification of the major isomer is facile after chemoselective protodesilylation of the major
products’ vinylsilane (See Sl for details).

Notably, this annulation process can be employed to generate hydroindane products
possessing C17 B-substitution (Table 2). As depicted in entry 1, coupling of enyne 49 with
alkyne 50 results in the formation of hydroindane products possessing a C17 B-Me
substituent in 63% yield and >20:1 diastereoselection, albeit as a 3:1 mixture of
regioisomers. Interestingly, when exploring the utility of this annulation process for the
synthesis of hydroindanes possessing C17 B-aryl substitution (a prominent architectural
feature of the cortistatins), we discovered that this process can proceed with exquisite
regiochemical control. As illustrated in entry 2, coupling of hydroxy-enyne 52 with alkyne
41 delivers hydroindane product 53 in 64% yield, with > 20:1 ds and 13:1 rs. While the
mechanistic origin of this long-range effect on regioselection remains unclear, all enyne
substrates bearing an allylic Ph-substituent underwent Ti-mediated annulation reactions with
high levels of regioselectivity (typically > 20:1), and consistently exquisite levels of
diastereoselection (uniformly > 20:1) (entries 2-7).

While this annulation process is quite effective at generating 17-B-aryl substituted
hydroindanes as essentially single regio and stereoisomers (i.e. 53, 56, 58, 59, 61 and 63),
the process is sensitive to the relative stereochemistry of the enyne starting material. As
illustrated in entry 8 of Table 2, annulation of enyne 64 with TMS-phenylacetylene (50)
produced a complex mixture of products from which only 22% yield of the C17 a-
substituted hydroindane product (65) could be obtained. While this stereochemical pattern
certainly represents a preparative limitation to the current chemistry, product 65 could easily
be isolated as a single regio- and stereoisomer.

Hypothesis

Metal-centered [2+2+2] annulation chemistry has long been proposed to occur by initial
formation of a metallacyclopentadiene, followed by either:

1. [4+2])/cycloreversion (Figure 7A), or
2. alkene insertion/reductive elimination (Figure 7B).

In our efforts to explore the scope of this Ti-mediated annulation, we have come upon an
experiment that distinguishes between these two pathways, and further provides evidence in
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support of a sequential [4+2]/cycloreversion in preference to alkene insertion/reductive
elimination.

As illustrated in Figure 8A, coupling of enyne 66 with alkyne 55 delivers a carbocyclic
product (67) that lacks the PMB ether of the starting material and contains an exocyclic
alkene. This observation is consistent with the empirical model depicted in Figure 8B, where
initial alkyne—alkyne coupling delivers metallacyclopentadiene 68 in a regioselective
fashion.13 Subsequent stereoselective annulation is then proposed to occur through a
sequence of steps that includes alkoxide-promoted cleavage of the oxametallacyclopentane
(68 — 69), followed by stereoselective intramolecular [4+2] (69 — 70) — a highly
stereoselective process that is thought to be controlled by intramolecular coordination of the
pendant alkoxide to a ligand on Ti. Unlike previous examples depicted in Table 1,
intermediate 70 is suitably functionalized to undergo vinylogous elimination of the PMB
ether to generate an unstable tertiary allyltitanium species 71. Finally, 1,3-metallotropic shift
generates allyltitanium species 72 which, on protonolysis with allylic transposition, is poised
to deliver the observed product 67. Alternatively, if annulation proceeded by a sequence
defined by alkene insertion and reductive elimination (Scheme 7B and Figure 8C), a suitable
intermediate is not readily apparent to support the facile elimination of the PMB ether [i.e.
73 (Figure 8B) vs. 70 (Figure 8C)].24

Overall, alkoxide-directed intermolecular [2+2+2] annulation between an internal alkyne
and a 1,6-enyne defines a unique and powerful approach to controlling regio- and
stereoselection in this class of chemical reactivity. The virtues of stepwise encapsulation of
the metal center (through a process of sequential ligand exchange and intramolecular
carbometalation) set the stage for a highly controlled series of bond forming events en route
to a functionalized carbocyclic system of great potential utility in natural product synthesis.
Further, the mechanistic course of this process (which is more consistent with [4+2]/
cycloreversion than alkene insertion/reductive elimination) may afford the opportunity to
divert chemical reactivity away from the expected [2+2+2] products (i.e. Table 1) to
stereodefined products that take advantage of the unique reactivity of bridged polycyclic
allylic metal intermediate (as demonstrated in Figure 8A).

Utility of the carbocyclic products

The present annulation process delivers complex carbocycles that can be differentially
functionalized to address a range of common substitution patterns about the hydroindane
core of natural products and small molecules of pharmacological relevance. As depicted in
Scheme 6, deoxygenation of the D-ring hydroxy group proceeds readily by the Barton
procedure (61 — 75).2% Alternatively, C11 functionality (steroid numbering) can easily be
introduced by protodesilylation2® and hydroboration (61— 76). Finally, a sequence of
oxidation, isomerization and protodesilylation is suitable to access a CD-ring system bearing
a dienone (59 — 77). While certainly not comprehensive, the transformations depicted in
Scheme 6 serve to introduce the great potential utility of the functionalized dihydroindane
products derived from the Ti-mediated annulation reaction in the stereoselective synthesis of
complex carbocycles.

CONCLUSION

We have described a convenient and highly stereoselective pathway to a range of
functionalized hydroindanes by the union of simple 4-hydroxy-1,6-enynes with silyl-
substituted alkynes. Since the enyne-containing starting materials are easily derived from
two-directional functionalization of chiral epoxy alcohol derivatives (including
epichlorohydrin), the synthetic pathway secured is also amenable to the production of
optically active hydroindanes that bear a variety of functionality of likely utility in target-
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oriented synthesis. While mechanistic ambiguity has traditionally surrounded related
[2+2+2] annulation chemistry, our studies have led to the conclusion that sequential [4+2]
cycloaddition/cycloreversion is likely operative in preference to alkene insertion/reductive
elimination. From a preparative perspective, the convergent annulation described is efficient
(isolated yields ranging from 48-83%), regioselective (up to > 20:1), and highly
stereoselective (dr is uniformly > 20:1). We are unaware of another intermolecular
metallacycle-mediated annulation reaction capable of delivering stereodefined products of
related structure to that observed here — structural motifs that are core skeletal components
of a vast array of pharmacologically active natural and synthetic substances. Based on the
considerations discussed, the current science defines a significant advance in metallacycle-
mediated annulation chemistry, and marks the establishment of an exceptionally concise
means for the convergent assembly of densely functionalized hydroindanes. As such, we
anticipate that the current findings will be of great potential utility in chemical synthesis and
medicinal chemistry.
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A. Complex natural products possessing densely functionalized indanes.

cortistatin A batrachotoxin ouabain

B. Common hydroindane-containing pharmaceutical agents.

fluticasone ethinylestradiol prednisone

Figure 1.
Dihydroindanes in natural products and pharmaceuticals.

J Am Chem Soc. Author manuscript; available in PMC 2013 February 8.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Greszler et al. Page 11

A. Alkoxide-directed metallacycle mediated coupling of internal alkynes:

XTi(OF-Pr)3, R*MgX
( )3 9 OH R1

OH 3 alkyne 2 ,
+ R > R
k(VK\W Rz/ then add metal alkoxide " |
1 2

of alkyne 1 R3

(protic quench) 3

regiospecific with respect to 1
regioselective with respect to 2

B. Alkoxide-directed metallacycle mediated alkene—alkyne coupling:
XTi(Oi-Pr);, R*MgX oH .

; R3 alkyne 2 )
WR . = - ’ R
R then add metal alkoxide |

of alkene 4 R3
(protic quench)

5

regiospecific with respect to 4
regioselective with respect to 2

C. Alkoxide-directed metallacycle mediated annulation for hydroindanes:

R' OH R3 XTi(OF-Pr)s, RSMgX as B R?
: 5 alkyne 7
M + /R Y L +OH
R2 R* then add metal alkoxide R*
of enyne 6 R3
6 7 (protic quench) 8
295% ee = 95% ee

dr=20:1; rr = 20:1

Figure 2.
Metallacycle-mediated cross-coupling of alkenes and alkynes.
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I. Convergent [2+2+2] annulation chemistry with Ti-alkoxides.
A. Ti-mediated annulation to access metalated aromatics: °

CO,t-Bu
R! TiXs
o , COxtBu +-BuO,C
R2 SO, Tol—= =\_,Oi-Pr
or —— ~/ “oi-p = I+ |||
CO,t-Bu or Fer
. 2 S0,Tol—=N R2 R R2
R
SN
|
7 TiX,
RZ
B. Ti-mediated annulation to access fused cyclohexadienes: '
™S
™S ™S

0P I
/RK — Q:?T[ " =
o .. OH u n TMSOr-Pr _ ™S
™S o] Z

n

single isomer symmetric
n=0,1,o0r2 metallacyclopentadiene n=01,or2
R = Ph, i-pentyl
Il. Intramolecular llacycle diated chemistry for the synthesis of

4
angularly substituted hydroindanes.
C. Co-catalyzed intramolecular [2+2+2]: 17

TMS
7
MeO X
Me

oMoM
D. Ni-catalyzed intramolecular [4+2]: 1%
Me OTMS
N Me
— | o oMoM
1 \\
™S

MeO

OMOM
single isomer

Figure 3.
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Established metallacycle-mediated annulation chemistry of relevance to the present advance.
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A. Reductive cross-coupling reactions of interest:
HO. Challenges.
R HO. HO, R HO
reductive . reductive R 1. Overcome sluggish reactivity
e o ( R i s 2. Favor cross-coupling over homocoupling|
R R CrOSSeoUPINg L AR h { Cross-coupling o ANSge 3. Control regioselectivity with respect to
s L S R? v R both reactive r-systems
Rs 'S 4. Control stereoselectivity
B. Strategy for alkoxide-directed reductive cross-coupling between internal alkynes:
- HO.
ligand R Laq O
exchange N s R M pr
— S, - \ / - |
om __R R
o W I F R‘T
based on the position
of the free hydroxy group
C. Strategy for alkoxide-directed strategy for alk Ikyne coupling:
ligand
R
L activation | P, exchange Rt |
| — » SM-L, | S DS e
R o™ R ?
R s <
s N K'/\
R R R' R?

minimize A(1,3) strain

based on the position
of the free hydroxy group

Figure 4.
Alkoxide-directed alkyne—alkyne and alkene—alkyne reductive cross-coupling.
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A. Products from alkyne-alkyne couping:

HO.
( PMBO
PNy Me
Ph OPMB
9
(68%) (4% (65
152 42:1 152651 smgle oomer smgle omer
HO. HO. HO.
l Me I Me I Me
[ PR PR Vo
Ph Ph Me Ph Me
o (51%) (54%)
single isomer single isomer single isomer single isomer
Me Me
HO. NN~
Me OMe
(58%)
single isomer single isomer

Typical reaction conditions: 2.5 eq of alkyne, Ti(Oi-Pr)y, c-CsHgMgCl, PhMe, then introduce
preformed Li-alkoxide of homopropargylic or bis-homopropargylic alcohol coupling partner.

Figure 5.

Page 14

B. Products from alkene-alkyne coupling:

HO.

PMBO PMBO PMBO We.
N
OPMB OPMB OPMB
21
(55% from lhe (2)-alkene) (64%)
smg!e :somer (61% from the (E)-alkene) single isomer
:
HO. HO. HO.
PMBO PMBO PMBO
N Me N N ™S
OPMB OPMB OPMB
22 23
(56%) (50%) (50%)
single isomer single isomer single isomer
Me I‘e Me Me
(54 Bi (51 / )
single isomer single isomer

Typical reaction conditions: 2 eq of alkyne, Ti(OI-Pr),, c-CsHoMgCI, PhMe, then
introduce preformed Li-alkoxide of homoallylic alcohol coupling partner.

Examples of alkoxide-directed reductive cross-coupling.
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A. Coupling of enynes with alkynes may proceed by different paths:

R3
R! OH metallacycle-
AN LS| [, » A+B+C?
&S t cro: li
ipling 1
R control of path selectivity? |
control of regioselectivity? |
27 28 control of stereoselectivity? |
R4
R! OH R | M g
\)\/‘/\)\/ R RN %
1
A R
via alkene—alkyne coupling via alkyne-alkyne coupling
R?
R~/
| OH
RY NP
R‘

~~ = bonds formed en route

c
to products A-C. via [2+2+2] annulation

Figure 6.
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B. Alkene substitution dictates path selectivity in Ti-mediated coupling:

(1) HCs OH a_ H,C, OH OPMB

—
\/K/\ 61% A < oPMB
29 30
PMBO,
a
@ Hﬁa\/ﬁ/\/ 4% l I§ X-Me
NoMe 64%  pygo 7z
H,Cy
3 32
PMBO.
a
A o Me 55% PMBO Z - Me
H7Cy
33 34
PMBO e
H,C OH Me b
(@) 73 < » OH
83%
03H7 o/ mer
3 PMBO p

Path selectivity in alkoxide-directed metallacycle-mediated cross-coupling. Reaction
conditions: (a) (PMBOCH,CH,C),, Ti(Oi-Pr)4, c-CsHgMgCI, (—78 to —30 °C), then add
enyne as the corresponding Li-alkoxide (—30 °C), b. Identical procedure as described for
“a”, except that this reaction was warmed to 0 °C - If this reaction (35 — 36) is quenched at
—30 °C, little change in overall yield was observed (77%). For entries 2 and 3, if these
reactions were warmed to 0 °C prior to quenching, no hydroindane could be identified from

the product mixture.
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A. Annulation by sequential [4+2] and cycloreversion:
[M] [4+2] M] cycloreversion
N7 " | I > Lb ------------ > +  [MI?

B. Annulation by sequential alkene insertion and reductive elimination:

[(M] alkene insertion  IMIS  reductive elimination s
\7 (RN > U ---------------- > + [M]

Figure 7.
Potential pathways for metal-centered annulation.
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A. Ti-mediated coupling/annulation followed by reductive cleavage:

™S
OPMB Il -
OH Me Ti(Oi-Pr),
S + —
c-CsHgMgClI
Ph 64%
OoTf Tf0 " loss of OPMB
66 55 67

(dr=1:1)

B. Empirical model:

TMS 0i-Pr
)TLO.P 3 iPro_ 0i-Pr Ph
Ar - ralkoxide-directed LPrO, rOMet [tms—_Ti A
] — W
OPMB alkyne—alkyne
\/?\L;/t coupling

l-Pr (L)m l—Pr (Ol-Pr)n
. 0 Ti TMS
1,3-shift Met' 0 -Ti TMS el/m/nat/on t\o Ar
OMet | €—— %
Ph Me
OPMB
70
67

C. Insertion/elimination pathway:

-PrQ Oi-Pr
S .

iPro_ 0i-Pr Ph
Ti ;

™S alkene reductive  TMS
el L pr— (on
Me |[insertion elimination
“Met -
*Pued ) ‘OMet
TfO OPMB
69 74
not observed

Figure 8.
Development of an empirical model for the Ti-mediated intermolecular hydroindane
synthesis.
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» Barton deoxygenation:

1) NaH, CS,, THF
then, Mel
—>
2) Et3B, O,, BuzSnH
PhMe, 50 °C
79%

1) 1M HCI, THF (1:1)
2) TBSOTH, 2,6-lutidine
CH,Cl,

>
3) BH3*THF, THF
then H,O,, NaOH
(52% over 3 steps)

1) DMP, CH,Cl, Me
2) HCI (cat.), THF ’Q o
»
3) TBAF, HOAc, THF O
(62% over 3 steps) OPMB
59 77

Figure 9.
Some functionalization processes suitable for elaboration of the dihydroindane products.
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