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Abstract
The present microreview summarizes our progress over the last few years in defining
regioselective reductive cross-coupling reactions of unsymmetrical alkynes with terminal- and
internal alkynes, aldehydes, and imines. We begin with a brief historical perspective of metal-
mediated reductive dimerization reactions of aromatic alkynes and discuss the challenges
associated with “crossed” versions of this mode of reactivity. Next, a collection of available
methods that allow for regioselective reductive cross-coupling of internal alkynes with terminal
and internal alkynes, aldehydes, and imines is summarized. After an examination of the
requirements for regioselectivity in these cases, the logic behind our design of alkoxide-directed
titanium-mediated reductive cross-coupling reactions is presented. A nomenclature is introduced
to delineate the presumed mechanistic origin of regioselection associated with each reaction
design, and a presentation of alkoxide-directed regioselective reductive cross-coupling reactions of
alkynes follows. Throughout, principal issues related to reactivity and selectivity are discussed to
assess scope and limitations of available methods and to describe the broad challenges that exist
for defining complex fragment union reactions based on reductive cross-coupling chemistry.
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1. Introduction
Bimolecular C–C bond formation is central to the field of organic synthesis. In addition to
their evident necessity in molecular assembly, convergent coupling reactions that proceed by
the formation of one, or multiple, C–C bonds often define processes that greatly impact the
efficiency with which complex molecules can be prepared.[1] Given the principal role of
convergent coupling reactions in chemical synthesis, it is striking how few modes of
chemical reactivity are exploited in the highly selective bimolecular C–C bond forming
reactions typically employed in complex molecule synthesis. While “classic” bond
constructions include those afforded by nucleophilic substitution, nucleophilic addition to
polarized π-bonds, or cycloaddition, “modern” strategies include metal-catalyzed cross-
coupling and crossed-metathesis. Within these various classes of broad chemical reactivity
reside numerous reactions of great utility in stereoselective organic synthesis. That said, the
narrow range of chemical reactivity associated with these reaction classes is particularly
surprising given the so-called “mature” nature of organic chemistry as a scientific
discipline.[2]
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In the search to define a mechanistically unique and broadly useful class of reactions to
complement well-established methods for bimolecular C–C bond formation, we speculated
that reductive cross-coupling chemistry could be particularly powerful. As illustrated in
Figure 1, a range of functionalized products could derive from regioselective reductive
cross-coupling of substrates bearing simple π-unsaturation (alkenes, alkynes, allenes, and
carbonyl functionality; eqs 1-7). Due to the vast abundance of such functionality in
commercial starting materials and complex synthetic intermediates alike, development of
this broad area of chemical reactivity has the potential to define new paradigms for
molecular construction.

While the general reactivity pattern common to reductive coupling processes encompasses a
rather broad array of potential fragment union processes (i.e. Figure 1), this Microreview
will only highlight a subset of these. Specifically, we discuss advances made that have
culminated in the discovery of a variety of highly selective reductive cross-coupling
reactions of unsymmetrical alkynes with: 1) terminal alkynes, 2) aldehydes, 3) internal
alkynes, and 4) imines.

2. Background and Challenges
A suitable starting point for the discussion of reductive cross-coupling chemistry is the
Reppe reaction, where the metal catalyzed trimerization of alkynes delivers substituted
benzenes (Figure 2).[3] Fifteen years following this report, Vol’pin and Kursanov described
the titanium-mediated dimerization of diphenylacetylene via the formation of a
titanacyclopentadiene – a process that, after protonation, delivers the product of reductive
homodimerization of diphenylacetylene.[4] Since these early discoveries, a large variety of
chemical methods have emerged from the basic reactivity pattern central to these seminal
observations: formal [2+2+1] between two reactive π-systems and a metal center.[5]

Consistent with the focused nature of this Microreview, we consider only bimolecular C–C
bond formation by the regioselective reductive cross-coupling of alkynes – the most
thoroughly investigated coupling partner studied in this broad area of reaction methodology.
With a focus on regio- and stereoselective bimolecular bond construction, the general
discussion that follows is presented from a perspective that is independent of the nature and
stoichiometries of the metal employed.

Despite the fact that metallacycle-mediated processes have been a topic of considerable
interest in organic and organometallic chemistry, there exist relatively few highly site-
selective bimolecular C–C bond forming processes within this class that functionalize
unsymmetrical alkynes. In fact, most highly regioselective reductive coupling processes of
unsymmetrical alkynes employ either conjugated- or TMS-substituted alkynes (vide infra).
From a perspective of complex molecule synthesis, this restriction in alkyne-substitution
greatly limits the potential impact of this class of reductive cross-coupling. While
representing only a small subset of the possible reductive cross-coupling reactions depicted
in Figure 1, reductive cross-coupling reactions of alkynes are the most well-developed.
While related chemistry of alkenes and allenes lags far behind, the challenges associated
with the control of reactivity and regiochemistry in alkyne-based reductive cross-coupling
reactions will serve as a foundation to discuss: 1) the state-of-the-art in reductive cross-
coupling technology, and 2) the eventual elucidation of a collection of complex alkoxide-
directed regioselective reductive cross-coupling reactions of unsymmetrical alkynes.

2.1. The Basic Challenges
In bimolecular settings, challenges associated with the control of reactivity and selectivity
emerge as central concerns that complicate the use of metallacyle-mediated reductive
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coupling processes in complex bond construction. A large variety of such reactions, and
mechanistically related C–C bond forming processes, have been successfully demonstrated
in intramolecular settings.[5] Here, the many challenges associated with control of reactivity
and selectivity are addressed by the forced proximity of the reacting π-systems.

To achieve selective cross-coupling based on reductive coupling chemistry, one must
overcome the typically poor reactivity of substituted and electronically unactivated π-
systems in reactions with metal–π complexes.[5] Additional challenges reside in the control
of: 1) cross-coupling vs. homo-dimerization, 2) regioselectivity (site selectivity), and 3)
stereoselectivity (Figure 3). A brief summary of the advances made with respect to each of
these issues follows.

2.1.1 Cross-Coupling vs. Homo-Dimerization
The challenge of controlling the partition between cross-coupling and homo-dimerization is
a complex issue in metallacycle-mediated C–C bond formation. The most general procedure
to favor the formation of “crossed” products has been based on stoichiometric metal-
mediated coupling reactions, where preformation of an activated metallacyclopropene is
followed by exposure to the second coupling partner. Examples of this type of control can
be seen in early demonstrations of Pauson–Khand chemistry, Bercaw’s study of the
reactivity of (Cp*)2Ti–C2H4, and Buchwald’s Zr-mediated alkyne–alkyne coupling process
(Figure 4).[6]

Thus, preformation of a metal–π complex provides one opportunity to enforce cross-
coupling over homo-dimerization in a subset of coupling processes. For this operationally
simple solution to be broadly effective in diverse reductive cross-coupling chemistry,
thermodynamic equilibration of the intermediate metallacyclopentene must not lead to
scrambling of metallacycle composition.[7]

In catalytic methods that proceed by the coupling of two unsaturated reaction partners via
the intermediacy of a metallacyclopentene, the competition between homo- and hetero-
coupling is ever present, as the reactive metal center is continually exposed to both reactive
π-systems. As such, it is not surprising that a general catalytic method has not emerged for
the cross-coupling of a diverse array of unsaturated coupling partners. Nevertheless, unique
solutions in this area have appeared for: 1) coupling of polarized π-systems (i.e. carbonyl-
based systems) to alkynes and terminal alkenes (vide infra), and 2) for the coupling of
terminal- or 1,1-disubstituted alkenes with alkynes (via Alder-Ene chemistry).[8]

2.1.2. Regioselectivity
The control of regioselectivity is a major problem in bimolecular metallacycle-mediated C–
C bond forming chemistry. While significant advances have been made in a subset of
coupling processes, the dominant means for control in the cross-coupling of disubstituted
alkynes with carbonyl-based π-systems or terminal alkynes is based on the use of
trialkylsilyl-substituted, or conjugated alkynes (Figure 5).

Coupling of Internal Alkynes with Carbonyl-Based π-Systems—Among the first
substrate classes to be identified for the regioselective reductive cross-coupling of internal
alkynes with carbonyl-based systems was TMS-substitututed alkynes. As illustrated in
Figure 6, Zr- and Ti-mediated reductive cross-coupling reactions of TMS alkynes favor
formation of products where C–C bond formation occurs distal to the TMS substituent (eqs
8 and 9).[9, 10]
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With the advent of catalytic methods to address this class of reductive cross-coupling came
interesting observations. For example, in recently reported Ni-catalyzed reductive coupling
reactions of TMS-alkynes with aldehydes (eq 10), the regiochemical course of the reaction
is opposite to that previously observed in the related coupling reactions promoted by group
IV metals.[11] Here, the major product derives from C–C bond formation proximal to the
TMS substituent.

Most recently, π-conjugation has emerged as a powerful structural feature that controls
regioselection in a variety of metal-catalyzed reductive cross-coupling reactions.[12, 13] As
depicted in eqs 11-15, high levels of regioselection are typically observed where C–C bond
formation predominates at the site distal to the conjugated system. Examples include Ni, Rh,
Ir and Ru-catalyzed reactions of alkynes conjugated to aromatics, heteroaromatics, alkenes
and alkynes, with aldehydes and activated imines.[14-16]

Only recently have promising results been observed in the regioselective cross-coupling of
internal alkynes that lack TMS-substitution or π-conjugation (Figure 7). As depicted in eq
16, Montgomery has reported a regioselective alkyne–aldehyde coupling with a simple
internal alkyne. Here, selectivities were observed up to 6:1, favoring the formation of a
product where C–C bond formation occurs at the least hindered position of the alkyne (Me
vs. substituted Et).[17] Similarly, in Ir-catalyzed coupling of related alkynes with electron
deficient sulfonyl imines, Krische has reported selectivities of approximately 10:1 (eq
17).[18] Notably, in this Ir-catalyzed process, exquisite levels of regioselectivity were
observed in the functionalization of an alkyne bearing Me- vs. branched alkyl substitution.
Finally, in parallel with our studies in alkoxide-directed reductive cross-coupling chemistry,
Jamison recently described a Ni-catalyzed, alkene-directed coupling of non-conjugated
enynes with aldehydes (eq 18).[19]

Aside from these interesting cases, the most general means of attaining site-selectivity in the
reductive cross-coupling of disubstituted alkynes with carbonyl-based π-systems requires
alkynes that possess π-conjugation or TMS-substitution (Figure 7).[20] Therefore, despite the
significant progress made in rendering this subset of reductive cross-coupling chemistry
catalytic in the active metal component, substantial limitations in regiochemical control still
exist that broadly restrain the impact that such bond constructions play in organic synthesis.

Coupling of Internal Alkynes with Terminal Alkynes—For the reductive cross-
coupling reaction of internal alkynes with relatively non-polarized “all carbon”-based π-
systems, the challenge associated with regioselection is more complex than related cross-
coupling reactions with carbonyl-based systems. The additional complexity arises from the
need to control regioselection with respect to both coupling partners. As illustrated in Figure
8, the reductive cross-coupling of an internal alkyne with a disubstituted alkene or alkyne
has the potential to deliver four distinct regioisomeric products.

While few reductive cross-coupling reactions of this complexity have been described, due to
the often low reactivity profile of disubstituted alkene or alkyne coupling partners, the
reductive union of internal alkynes with terminal alkynes has been reported (Figure 9). In
1989, Buchwald reported a Zr-mediated coupling reaction that, after equilibration of a
mixture of isomeric intermediate metallacyclopentadienes, provides 1,3-dienes 22 with very
high levels of regioselection (rs ≥ 98:2).[7d] Here, site-selective functionalization of the
terminal alkyne, at the least substituted carbon, was coupled to regioselective
functionalization of a TMS-substituted alkyne. As discussed previously in the related
coupling reaction of TMS-alkynes with carbonyl systems, the site of C–C bond formation in
the present case is also distal to the TMS-substituent.
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Subsequent to these studies, in 1999, Sato described a Ti-mediated reductive cross-coupling
reaction of internal alkynes with terminal alkynes, where high levels of regioselectivity were
attained without the need for an equilibration step.[21] Again, π-conjugation or TMS-
substitution was essential for obtaining good levels of regioselection in this reductive cross-
coupling reaction (Figure 9; 23 and 24).

In conclusion, regioselection in these diene-forming processes have been accomplished in a
similar fashion to the reductive cross-coupling of alkynes with carbonyl electrophiles.
Again, TMS-substitution or π-conjugation has been employed to control site-selective
functionalization of the internal alkyne.

2.1.3. Stereoselection
In addition to the aforementioned issues related to homo-coupling, regioselection, and
reactivity, the control of stereoselection arises as a fourth significant issue in a subset of
reductive cross-coupling reactions of alkynes. To date, the most progress in this area has
been made in coupling of alkynes with carbonyl electrophiles. Success has been documented
for reductive cross-coupling reactions of alkynes with α-alkoxy and α-silyloxy aldehydes
(Figure 10). Initial studies reported that the Ti-mediated reductive coupling of
glyceraldehyde acetonide with a range of internal alkynes proceeds in a diastereoselective
manner.[22] In general, good selectivities are observed for formation of the anti-products (eq
19). In stereochemically related coupling processes, highly diastereoselective Ni-catalyzed
reductive cross-coupling reactions of alkynes with α-alkoxy and α-silyloxy-substituted
aldehydes have also appeared (eqs 20 and 21).[23]

Over the last few years there has been an explosion of reports that describe enantioselective
versions of reductive cross-coupling reactions between alkynes and carbonyl-based systems
(aldehydes, glyoxalates, electronically activated ketones and imines). This aspect of
reductive cross-coupling chemistry is quite interesting and has been reviewed elsewhere.[24]

That said, even with the significant accomplishments made in rendering this class of
reductive cross-coupling chemistry enantioselective, the central bond constructions possible
with this mode of reactivity are all subject to the limitations in regioselection previously
described.

2.1.4. Conclusion regarding the background and associated general challenges
While significant advances have been made in metallacycle-mediated cross-coupling of
disubstituted alkynes, it is worth reflecting on the current state of the field. Independent of
the nature of the metal employed, or whether that metal is used in a catalytic or
stoichiometric fashion, significant barriers related to general reactivity and regioselectivity
have greatly impeded the development of diverse cross-coupling methods within this area.
While the general mode of reactivity seems superficially suitable for the cross-coupling of a
variety of common π-systems encountered in chemical synthesis (substituted alkenes,
alkynes, allenes, and carbonyl-based systems), state-of-the-art methods allow for the
selective cross-coupling of only a handful of these systems. Finally, even within known
classes of reductive cross-coupling, regioselective processes proceed for only a small
substrate scope (typically with carbonyl-based systems).

Overall, the lingering challenges that have prevented broad development of reductive cross-
coupling for the types of bond constructions depicted in Figure 1 include: 1) reaction course
– cross-coupling vs. homo-dimerization, 2) regiochemical control, 3) low reactivity of a
variety of substituted π-systems (i.e. disubstituted alkenes, hindered alkynes), and 4)
stereoselection. It is the merging of these challenges that complicate the design, discovery
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and development of all methods for complex fragment union by metallacycle-mediated
reductive cross-coupling.

3. Design of Alkoxide-directed Reductive Cross-Coupling Reactions of
Internal Alkynes
3.1. Our Goal

In the design of a general process to overcome the limitations of pre-existing methods in
reductive cross-coupling technology, we targeted a metal-based system that could be used
for the stoichiometric pre-activation of one of the coupling partners – a strategy that would
provide a broad solution to the control of cross-coupling over homo-dimerization. Given this
initial design criteria, the metal-based system needed to be: 1) inexpensive, 2) non-toxic, and
3) result in byproducts that are both non-toxic and easy to remove from the products of
interest. In addition, we favored the selection of a metallic system that had the potential of
being compatible with a range of Lewis-basic functionality, as we aimed to develop
coupling reactions of utility in complex molecule synthesis (i.e. natural product synthesis).
Furthermore, we desired a system that would be capable of forging C-C bonds in the
presence of unprotected heteroatom-based functionality. Finally, we set out to devise a suite
of heteroatom-directed reductive cross-coupling reactions where the control of reactivity and
selectivity would be possible based on the strategic placement of a suitable directing
group.[25]

3.2. The selection of a titanium alkoxide-based system
Given our goal of providing chemical methods useful for the convergent synthesis of
complex natural products, we desired a system capable of being directed by functionality
commonly found embedded in the backbone of such systems. Based on the prevalence of
oxygen and nitrogen functionality in natural products of biomedical relevance, we focused
our efforts on defining a suite of directed reductive cross-coupling methods where such
functionality could serve to direct C-C bond formation - in preference to functionality based
on phosphorous, sulfur, aromatic heterocycles or simple π-unsaturation (i.e. a remote
alkene).[26-28]

To identify a suitable system based on these requirements, one needs to consider only a
handful of relevant precedent. First, the ability of Ti alkoxides to undergo rapid and
reversible ligand exchange has been well-showcased in the Sharpless epoxidation.[29]

Second, Cp2Ti–π complexes are known to participate in reductive coupling
chemistry.[6c-d, 30] In fact, this type of system was first demonstrated in the reductive
dimerization of diphenylacetylene,[4] later studied by Bercaw,[6c-d] and subsequently
employed in a variety of intramolecular reductive coupling reactions. Finally, the pioneering
studies of Kulinkovich and Rothwell demonstrated that titanium aryloxides and titanium
alkoxides could be employed to access similar reactivity seen with Cp2Ti–π complexes.[31]

Subsequent investigation of the chemistry of Ti-alkoxides in metallacycle-mediated C–C
bond forming processes, primarily in the laboratories of Professors Sato and Cha, has led to
the discovery and development of a wide range of novel reactions.[32,33] While the
contributions to date have established a solid foundation of Ti-mediated metallacycle-based
bond constructions in organic chemistry, the previously described barriers related to the
control of reactivity and selectivity have remained firmly in place.

As we further considered the use of Ti(OiPr)4 as a stoichiometric component of our reaction
design, issues of cost and toxicity were at the forefront of our thoughts. First, the byproducts
from aqueous work-up of stoichiometric Ti(OiPr)4-mediated coupling reactions (i.e. the
Kulinkovich reaction) are iPrOH and TiO2. While iPrOH is a relatively benign solvent, TiO2
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is a species encountered daily in most of our lives, as it is a component of products like
toothpaste, sunscreen and paint. The accompanying reducing metal typically employed
alongside the titanium(IV) alkoxide is a Grignard reagent, the byproducts of which are
simple magnesium salts and hydrocarbons. Although we will describe Ti(OiPr)4-based
reductive cross-coupling methods that provide a means to couple π-systems not currently
possible with catalytic methods based on Ni, Rh, Ir or Ru, a cost analysis between projected
use of stoichiometric Ti(OiPr)4 vs known catalysts for reductive cross-coupling of alkynes
with carbonyl systems is informative (Figure 11). Based on a hypothetical reductive
coupling reaction run on one mole scale, the cost of stoichiometric Ti(OiPr)4 is significantly
less than known catalytic systems based on Ni, Rh, Ir or Ru.[34, 35] Future process
optimization may lead to decreases in required catalyst loadings for such processes,
however, even a potential 100-fold lower catalyst loadings (eg. 0.05 mol% for Rh-, Ir- and
Ru- catalysts depicted) still render the stoichiometric Ti(OiPr)4-mediated method highly
competitive on a cost bases for all but the Ni(COD)2-based reactions.

The challenges associated with the development of metal-catalyzed C–C bond formation is a
significant and popular concern in current organic chemistry. While many intellectual
advances need to be made to enable a wealth of more complex metal-catalyzed reductive
cross-coupling chemistry, and much scientific inquiry has embraced this pursuit, our
interests were focused on defining a broad class of reductive cross-coupling reactions that
extend beyond the basic bond-constructions afforded by current methods. Given the
considerations described above that are based on reaction design, cost, toxicity, and the ease
with which Ti(OiPr)4 can be handled,[36] we embraced a program aimed at defining novel
alkoxide-directed reductive cross-coupling reactions mediated by stoichiometric Ti(OiPr)4.

3.3. The design of three “classes” of alkoxide-directed reductive cross-coupling
At the outset of our investigations, we aimed to formalize distinct reaction designs to
accomplish alkoxide-directed metallacycle-mediated reductive cross-coupling. As depicted
in Figure 12, three modes of alkoxide directed processes were conceived, each of which
defines a unique means of overcoming the predefined barriers associated with the control of
reactivity and selectivity associated with metallacycle-mediated cross-coupling. Our
definition of each “class” of directed coupling process follows, along with a brief discussion
to highlight the primary mechanistic distinctions between them.

Class I—Initial formation of a bicyclic metallacyclopropane is followed by bimolecular
carbometalation.[37] Here, regioselective functionalization of component 25 is anticipated by
selective reaction of a presumed bicyclic intermediate 26, generated by Ti–alkyne complex
formation and association of a tethered alkoxide to the titanium center. Site selectivity in the
bimolecular C–C bond forming event is then anticipated by carbometalation through a
pathway that delivers a fused bicyclic metallacyclopentene 28 in preference to a bridged
bicyclic isomer (not shown). While potentially defining a regioselective functionalization of
unsaturated alkoxide 25, we anticipated that this reaction design would be limited to
reductive coupling reactions with substrates (27) that are sufficiently reactive to participate
in the bimolecular carbometalation event (26 + 27 → 28).

Class II—Initial formation of a monocyclic metallacyclopropane 30 is followed by
introduction of an unsaturated alkoxide 25. Rapid and reversible ligand exchange (30 + 25
→ 31) sets up an intramolecular carbometalation event to deliver the fused bicyclic
metallacyclopentane 32.[38] Here, high regioselectivity in functionalization of 25 is
anticipated based on: 1) a presumed faster rate of carbometalation by way of the mixed
titanate ester 31 in comparison to bimolecular carbometalation via reaction of 30 with the
alkyne of 25, and 2) the preference for generation of a fused bicyclic metallacyclopentane,
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rather than a bridged bicyclic isomer, in the intramolecular carbometalation event (31
→32).

Overall, regioselective functionalization of substrate 29 will result on simple steric grounds
whereas regioselective functionalization of 25 should be based on the position of the
tethered alkoxide. While defining a potentially powerful means to control regioselection in
the functionalization of unsaturated alkoxides, a predicted virtue of this reaction design is
the ability to render the carbometalation event intramolecular. This facet of the reaction
design is anticipated to enable the participation of reaction partners that are known to exhibit
poor levels of reactivity in bimolecular [2+2+1] chemistry by rendering the C–C bond
forming event intramolecular.[39]

Class III—Merging the central features of the reaction designs designated as “Class I” and
“II” directed carbometalation, a third unique process was envisioned as a pathway for the
site-selective coupling of two unsaturated alkoxides. Here, the features that control the
selectivity of “Class I” processes will be used to affect site selectivity in the
functionalization of substrate 25, while the features that influence selectivity in “Class II”
processes will lead to simultaneous selective carbometalation of substrate 33. As such,
formation of a fused bicyclic metallacyclopropene 26, followed by rapid and reversible
ligand exchange with 33 will provide access to the transient intermediate 34. Intramolecular
carbometalation by way of 34 is then predicted to deliver the fused tricyclic
metallacyclopentadiene 35. In this process, the steric differentiation of 26 and the
intramolecularity of the carbometalation are anticipated to provide a means for selective
functionalization of each unsaturated alkoxide (25 and 33) through a process that establishes
one central C–C bond, two Ti–C bonds and two Ti–O bonds, while completely
encapsulating the metal center in 35.

4. Results for New Alkoxide-Directed Regioselective Reductive Cross-
Coupling of Disubstituted Alkynes
4.1. Synthesis of trisubstituted 1,3-dienes via Class I alkoxide-directed coupling of internal
alkynes with terminal alkynes

The presence of trisubstituted (E,E)-1,3-dienes embedded in the backbone of complex
natural products of biological significance prompted our study of a suitable alkoxide-
directed reductive cross-coupling to access this stereodefined structural motif (Figure 13).
While stepwise carbonyl olefination or Pd-catalyzed cross-coupling represent state-of-the-
art methods to access 1,3-dienes,[40, 41] our familiarity with the multi-step nature of
sequential carbonyl olefination, and the numerous stoichiometric functionalization reactions
typically required to prepare the stereodefined substrates for Pd-mediated cross-coupling,
led us to target a reductive coupling reaction between alkynes to access this class of 1,3-
dienes. Here, we expected to develop a fragment coupling process of great value that
proceeds by coupling two non-stereogenic π-systems (alkynes) and simultaneously
establishes the stereochemistry of each alkene of the 1,3-diene. Overall, such a convergent
assembly process would represent an important methodological advance for application to
natural product synthesis.[42]

Our initial investigation of the Class I reductive cross-coupling between internal alkynes and
terminal alkynes led to the identification of complex structure–selectivity relationships
(Table 1).[43] As depicted in entries 1-4, the reductive cross-coupling of stereochemically
isomeric homopropargylic alcohols with the chiral alkyne 36 led to a range of results.
Overall, the product ratio (A:B:C) changed as a function of the homopropargylic alcohol
employed. While high levels of selectivity were observed in some cases, entry 4 highlights
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the uniquely poor behavior of the anti-syn isomer 43. Interestingly, when the hydroxy
substituent was protected in the anti,syn-isomer, selectivity for the formation of isomer A
was enhanced (3:1; entry 5). This simple modification that consisted of removing the
proximal alkoxide, similarly affected the regiochemical course of related coupling processes
(entries 6 and 7).

The variation of regioselection as a function of stereochemistry of the internal alkyne
component was quite interesting, but ultimately disappointing as the proximal alkoxide was
not the sole factor in the control of regioselection in these reductive cross-coupling
reactions. In contemplating the potential complexity associated with the attempted alkoxide-
directed reductive cross-coupling reactions depicted in entries 1-4 of Table 1, a simple
hypothesis emerged. As depicted in Figure 14, alkoxide-directed reductive cross-coupling
has the potential to proceed by reaction of a variety of titanium–alkyne complexes (A-C).
Although it is not yet possible to understand the precise nature of the transition states
operative in these processes, simple considerations of strain and the well-known behavior of
Ti–alkoxides guided our mechanistic thoughts.

First, the proposed bicyclic metallacycle A would likely be destabilized by significant ring
strain, leading to the speculation that simple monocyclic Ti–alkyne complexes B may play a
role in the transition state for reductive coupling. That said, the known ability of Ti–
alkoxides to form oligomers leads to a further complexity due to the potential participation
of oligomeric Ti–alkyne complexes C in the transition state for C–C bond formation.
Making the analysis more complex, the likelihood of a reaction proceeding by way of any of
these type of species in the transition state will also be a function of the relative
stereochemistry of the starting material that houses the internal alkyne.

With the goal of forcing the reaction down a path that was “directed” by a proximal
alkoxide, we reasoned that increasing the distance between the internal alkyne and the
tethered alkoxide may result in a greater preference for bicyclic metallacyclopropene D. If
such a species were possible, and it did play a role in the transition state for reductive cross-
coupling, we would then anticipate high levels of regioselection whereby carbometalation
would deliver a fused bicyclic metallacyclopentadiene E.

Gratifyingly, the reductive cross-coupling of internal alkynes bearing more remote alkoxide
substitution led to uniform and highly regioselective coupling processes independent of
stereochemistry (Table 2).[44] As depicted in entries 1-8, reductive cross-coupling of each
diastereomer of the internal alkyne component with each enantiomer of the terminal alkyne
was highly selective (rs ≥ 17:1). Interestingly, the nature of the protecting group at the
homopropargylic position also plays a role in regioselection here. As depicted in entry 9, a
drop to 10:1 regioselection was observed with methyl ether 67.

While were delighted to achieve high levels of regioselection in a coupling reaction of
potential utility in natural product synthesis, discovering that subtle structural features
significantly influence regioselection was somewhat disappointing. Additional studies
further indicated that branching at the propargylic position of the internal alkyne was an
essential structural feature for attaining high levels of regioselection. Although these clear
limitations dampened our hopes of realizing a suite of highly selective Class I alkoxide-
directed reductive cross-coupling reactions, a potentially useful alkoxide-directed reductive
cross-coupling reaction for the synthesis of stereodefined 1,3-dienes had emerged.

Subsequent studies have investigated the utility of this C–C bond forming process for the
coupling of terminal alkynes bearing a variety of functionality that extends beyond that
typically seen in natural products of polyketide biosynthetic origin. As depicted in Figure
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15, aromatic and aliphatic heterocycles, fluorous tags and alkynylsilanes are all tolerated in
this highly regioselective alkoxide-directed reductive cross-coupling reaction.[44]

4.2. Synthesis of ene-1,5-diols via Class I alkoxide-directed coupling of internal alkynes
with aldehydes

The basic control element for regioselection in the coupling of internal alkynes with terminal
alkynes is also effective in the reductive cross-coupling of internal alkynes with aldehydes.
Here, regioselection is an issue only with respect to the functionalization of the internal
alkyne, but challenges with respect to stereoselection complicate this subset of Class I
alkoxide-directed cross-coupling.

As illustrated in Table 3, regioselection was found to be a function of the relative
stereochemistry of the alkyne and the presence and position of a tethered alkoxide.[45]

Within each stereoisomeric series (syn-syn, syn-anti, anti-anti and anti-syn), highest levels
of regioselection were observed with the substrates that contained a free hydroxy substituent
δ-to the alkyne (77, 80, 83 and 86).

While we were quite pleased to observe very high levels of regioselection in these reductive
cross-coupling reactions, diastereoselectivity remains a challenging hurdle. Here, products
were generally produced as mixtures of isomers slightly favoring the product expected from
net “Felkin” addition to the carbonyl (dr typically 2-3:1). As depicted in Figure 16,
diastereoselection is marginally enhanced with the α-silyloxy propionaldehyde 89 (dr = 5:1;
rs ≥ 20:1).

Concerning the potential utility of this process in organic synthesis, it is important to
consider its standing with respect to well established stereoselective convergent C–C bond
forming reactions. While convergent aldol-based bond constructions typically proceed with
higher levels of diastereoselection, the type of bond construction provided here defines a
complimentary convergent coupling process.[46] Instead of delivering a β-hydroxy ketone,
this process delivers a complex allylic alcohol, the functionalization of which by
hydrogenation, dihydroxylation, or epoxidation delivers structural motifs not readily
accessible with aldol technology. Finally, due to the wealth of highly stereoselective
carbonyl reduction methods available, simple redox chemistry may define a temporary
solution to the modest levels of stereoselection observed in this regioselective coupling
process.[47] It is important to point out that no such solutions are available for reactions that
do not proceed in a regioselective fashion.

4.3. Class II alkoxide-directed coupling reactions of internal alkynes
Unlike the alkoxide-directed reactions described in sections 4.1 and 4.2, that are limited in
scope with respect to the reactivity profile of Ti–alkyne complexes in bimolecular C–C bond
forming processes, Class II alkoxide-directed coupling reactions provide a unique means to
control selectivity and overcome barriers associated with low reactivity in bimolecular
metallacycle-mediated bond construction.

In Class II alkoxide-directed reductive coupling reactions, regioselective C–C bond
formation is based on a sequence of events that sets up an intramolecular carbometalation
via a fleeting intermediate (31→32), Figure 17. As a result, the wealth of transformations
available in intramolecular reductive coupling processes have the potential of becoming
available in these convergent coupling reactions. While we have employed this unique
design for the regio- and stereoselective union of a variety of coupling partners, we will
focus our attention here only on processes that have enabled the highly regioselective
coupling of internal alkynes.

Reichard et al. Page 10

European J Org Chem. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In an attempt to validate the “Class II” alkoxide-directed reaction design, we focused our
attention on an unprecedented reductive cross-coupling reaction for the union of
unsymmetrically substituted internal alkynes with other internal alkynes. While seemingly
representing an extension of our Class I alkoxide-directed alkyne coupling chemistry, the
present reaction is significantly more challenging. In addition to the difficulties associated
with control of regioselection in the functionalization of both internal alkynes, typically low
levels of reactivity have stood as a significant barrier to the proposed convergent coupling
process.

As depicted in Figure 17, initial studies with simple alkynes validated the basic merits of the
“Class II” reaction design. Here, preformation of a Ti–alkyne complex with a symmetrically
substituted alkyne was followed by exposure to an appropriately functionalized unsaturated
alkoxide. After protonation of the presumed intermediate titanacyclopentadiene,
stereodefined 1,3-dienes were produced. Initial studies demonstrated that the tethered
hydroxy group indeed had an impressive effect on both reactivity and selectivity.[48] As
depicted, the steric environment proximal to the site of C–C bond formation played little
role in regioselection: Products 89-92 were all formed as single regioisomers, where C–C
bond formation had occurred distal to the tethered hydroxy group, independent of the steric
environment. Moving on from diphyenylacetylene, symmetrical alkynes that are not
conjugated are also suitable substrates (93). Finally, extending the position of the tethered
hydroxy group with respect to the internal alkyne was possible. In this case, coupling of a
bishomopropargylic alcohol led to highly regioselective coupling (i.e. 94). Interestingly, if
the hydroxy substituent is protected as the corresponding TBS-ether, or if it is not located in
a suitable position for Class II directed carbometalation (i.e. propargylic and tris-
homopropargylic alcohols), a complex product mixture results.

Finally, in the most complex examples investigated, reductive cross-coupling of internal
alkynes 95 and 98 with 96 and 99 proceed with exquisite regioselection (Figure 18). Here,
Ti–alkyne complexes of 96 and 99 were exposed to the preformed lithium alkoxides of 95
and 98, respectively. As anticipated, very high regioselection was observed in the
functionalization of 95 and 98, likely as a result of the proposed sequence of ligand
exchange followed by intramolecular carbometalation. What was most surprising in these
coupling reactions was the very high levels of regioselection observed in the
functionalization of alkynes 96 and 99. Here, the only criteria for selectivity should be based
on the unique steric environment about each carbon of these alkynes. Unlike other reports
that document the poor ability of simple alkyl branching to affect regioselection in related
reductive cross-coupling reactions of internal alkynes with carbonyl electrophiles, here
selectivity appears complete.[48]

It is conceivable that the transition state for these reductive cross-coupling reactions are
more product-like than that for related alkyne–aldehyde coupling reactions due to the
anticipated difference in exothermicity of these two general processes.[49] In the transition
state operative for the Class II alkoxide-directed reductive coupling processes depicted in
Figure 18, it is possible that the metal–alkyne complex appears more olefin-like than in
related alkyne–aldehyde coupling reactions. Based on expectations associated with
minimization of A-1,3 strain,[50] and the subsequent result that this conformational
consideration has on the steric environment about the metallacyclopropene, it is conceivable
that significant preference results for the formation of the observed isomer, where C–C bond
formation occurs at the site distal to the α-branch (Figure 19).
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4.4. Class II alkoxide-directed reductive cross-coupling reactions of internal alkynes with
imines

Application of Class II alkoxide-directed coupling processes for the union of internal
alkynes with imines requires the preformation of an azatitanacyclopropane, followed by
introduction of an appropriately functionalized internal alkyne. Using the established
procedure for generating such complexes from aromatic imines,[51] highly selective
reductive cross-coupling reactions have been accomplished (Table 4).[52] As observed in the
related reductive cross-coupling reaction of internal alkynes discussed in section 4.3, the
high levels of regioselection observed here were independent of the steric environment at the
distal position of the alkyne (entries 1-4, rs ≥ 20:1; Table 4). Notably, the reductive coupling
of TMS alkyne 107 delivers 108 – an isomer not typically observed in related coupling
reactions.

The problem of stereoselection in this reductive coupling process is one that can be
addressed by the use of a chiral imine. Here, use of a phenylglycine-based imine 109 in
reductive coupling reactions with simple alkynes delivered allylic amines with good levels
of regioselection and modest levels of stereoinduction (Figure 20).[53] Interestingly,
diastereoselection was affected by the size of the alkyne substituent, with a drop in
stereoselection observed in the case of the i-Pr-substituted alkyne 113.

Finally, in this subset of reaction, alkoxide-directed C–C bond formation can be used to
override the electronic effect that dictates site-selectivity in a myriad of related coupling
reactions. As depicted in Figure 21, conjugated alkynes do little to affect the dominant
control imparted by the presence of the tethered free hydroxy substituent. Here, reductive
coupling with aromatic imines delivers products where C–C bond formation occurs α-to the
π-conjugation (this is an opposite sense of regioselection as that seen with related metal-
catalyzed coupling processes).[12, 13, 54]

The unique regioselectivity offered from this emerging class of reductive cross-coupling can
be employed for novel complexity-generating processes in organic synthesis. In the present
case, the site-selective reductive cross-coupling depicted in Figure 21 forms the foundation
of a two-step three component coupling process for heterocycle assembly.[54] As illustrated
in Figure 22, cationic annulation via acid mediated reaction with an aldehyde (117 → 125;
eq 26), or simple intramolecular cyclization (123 → 126; eq 27) defines a simple process for
the stereoselective synthesis of polycyclic heterocycles.

5. Summary and Outlook
Over the past fifty years, C–C bond formation reactions that proceed through
metallacyclopentane-like intermediates have grown from observations made in the
trimerization of acetylenes to the development of a wide range of useful synthetic methods.
Early advances were made in defining intramolecular C–C bond forming processes, with
recent contributions defining catalytic asymmetric variants for the union of alkynes with
carbonyl-based electrophiles. Despite this significant growth, the utility of metallacycle-
mediated C–C bond formation in synthesis has been largely limited to either intramolecular
processes, or the bimolecular union of only a small subset of unsaturated coupling partners.
Independent of the metal employed, or whether or not that metal is used in a
substoichiometric fashion, basic issues associated with reactivity and control (homo- vs.
heterocoupling, regio- and stereoselectivity), have remained as central barriers for reaction
discovery and development in this broad area of chemical reactivity.

This Microreview has presented a brief historical background to modern reductive cross-
coupling chemistry, described the state-of-the-art in regioselective coupling of internal
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alkynes, and defined the unique potential of alkoxide-directed titanium-mediated reductive
cross-coupling for accomplishing novel bond construction. Overall, titanium-mediated
reductive cross-coupling has emerged as a subset of metallacycle-mediated bimolecular C–C
bond forming reactions that can be controlled in a unique and highly selective manner. The
ability to generate C–C bonds in the presence of unprotected hydroxy groups, while
rendering these processes “directed” by association of a pendant alkoxide to the Ti-center,
has led to the development of a range of unique fragment coupling processes. The survey
presented here has focused on regioselective reductive coupling chemistry of unsymmetrical
internal alkynes, as these processes are the most well-established of all reductive cross-
coupling methods. We hope to convey that alkoxide-directed titanium-mediated reductive
cross-coupling has the potential to define unique bond constructions not yet available with
other methods. From a more broad perspective, we are confident that the conceptual
pathways presented here have the potential to support the discovery and development of a
large class of novel fragment coupling reactions for chemical synthesis.[55, 56] We hope that
this discussion serves to clarify the major challenges to reaction development that exist in
the field, and provide a conceptual framework for the development of countless new
reactions in organic chemistry.
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Figure 1.
A small subset of possible bimolecular C–C bond forming processes based on reductive
cross-coupling.
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Figure 2.
Early examples of metallacycle-mediated coupling reactions of alkynes.
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Figure 3.
Challenges in the control of metallacycle-mediated reductive cross-coupling reactions of
alkynes.
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Figure 4.
Examples of metallacycle-mediated cross-coupling reactions.
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Figure 5.
Substitution typically required for the control of site-selective C–C bond formation in
alkyne–carbonyl-based reductive cross-coupling.
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Figure 6.
Methods for the control of regioselection in metallacycle-mediated coupling of disubstituted
alkynes with carbonyl electrophiles.
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Figure 7.
Examples of regioselective reductive cross-coupling reactions of alkynes with carbonyl
electrophiles where TMS-substitution or π-conjugation do not play a role in selectivity.
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Figure 8.
Regiochemical possibilities in the reductive cross-coupling reaction of internal alkynes with
other all carbon-based π-systems.
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Figure 9.
Methods for the control of regioselection in the metallacycle-mediated coupling of
disubstituted alkynes with terminal alkynes.
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Figure 10.
Diastereoselective reductive cross-coupling reactions of alkynes with chiral aldehydes.
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Figure 11.
Analysis of cost for a generic reductive cross-coupling process as a function of the metal
employed.
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Figure 12.
Design of alkoxide-directed reductive cross-coupling reactions.
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Figure 13.
Complex natural products containing stereodefined (E,E)-trisubstituted 1,3-dienes.
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Figure 14.
Empirical model for regioselectivity.
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Figure 15.
Some functional group compatibility in the Class I alkoxide-directed reductive cross-
coupling reaction of internal alkynes with terminal alkynes.
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Figure 16.
Diastereoselective Class I alkoxide-directed Ti-mediated reductive alkyne–aldehyde cross-
coupling.
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Figure 17.
A highly regioselective reductive cross-coupling reaction between internal alkynes.
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Figure 18.
“Class II” alkoxide-directed regioselective reductive cross-coupling reactions of two
unsymmetrically substituted disubstituted alkynes.

Reichard et al. Page 36

European J Org Chem. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 19.
High regioselectivity in the functionalization of the unsymmetrically substituted Ti–alkyne
complex in Class II alkoxide-directed reductive cross-coupling reactions.
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Figure 20.
Asymmetric Class II alkoxide-directed reductive cross-coupling reaction.
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Figure 21.
Regioselective Class II alkoxide-directed reductive cross-coupling reactions of conjugated
alkynes with aromatic imines. [a] General reaction conditions: To a preformed Ti–imine
complex (1eq) at −40 °C was dropwise added a preformed solution of the lithium alkoxide
of the homopropargylic alcohol (1.5-3 eq). This solution was warmed slowly from −40 to 0
°C, then treated with saturated aqueous solution of NaHCO3.
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Figure 22.
Cationic annulation processes for the conversion of reductive cross-coupling products to
stereodefined heterocycles.

Reichard et al. Page 40

European J Org Chem. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Reichard et al. Page 41

Table 1

entry internal
alkyne yield rr

(A:B:C) major regioisomer

1 70 28:1:1

2 50 15:2:1

3 52 4:0:1

4 63 1.0:1.5:1.0

5 R=PMB;45 82 3:1:0 R=PMB;46

6 87 5:1:0

7 70 6:1:0

Note: For entries 5-7, no deprotonation step was necessary.
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Table 2

entry internal
alkyne

terminal
alkyne yield a rrb major regioisomer

1 36 60 17:1

2 36 57 ≥ 20:1

3 36 47 ≥ 20:1

4 36 53 ≥ 20:1

5 ent-36 64 ≥ 20:1

6 ent-36 63 ≥ 20:1

7 ent-36 64 ≥ 20:1
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entry internal
alkyne

terminal
alkyne yield a rrb major regioisomer

8 ent-36 68 ≥ 20:1

9 36 78 10:1

a
Yield based on terminal alkyne

b
Regioisomeric ratio with respect to functionalization of the internal alkyne (A/B – defined in Table 1). In a few cases, observable quantities of the

minor regioisomer “C” were observed (entry 4 = 12:1, entry 6 = 14:1, entry 7 = 17:1).
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Table 3

entry internal
alkyne

conditionsa yield regioselection A:B

1 77; R1 = H A 65 b 8:1

 R2 = PMB

2 78; R1 = TBDPS A 68 b 4:1

  R2 = H

3 79; R1 = TBDPS B 42 1.3:1

 R2 = PMB

4 80; R1 = H A 78 b 18:1

 R2 = Bn

5 81; R1 = Bn A 58 b 10:1

  R2 = H

6 82; R1 = Bn B 59b 4:1

 R2 = Me

7 83; R1 = H A 68 16:1

R2 = Bn

8 84; R1 = Bn A 68 10:1

R2 = H

9 85; R1 = Bn B 64 4:1

R2 = Me
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entry internal
alkyne

conditionsa yield regioselection A:B

10 86; R1 = H A 69 20:1

11 87; R1 = TBS A 61 4:1

R2 = H

12 88; R1 = TBS B 61 2:1

R2 = PMB

a
Reaction Conditions: A) nBuLi, PhMe, −78 °C; then ClTi(OiPr)3, cC5H9MgCl, −78 to −40 °C; then BF3•OEt2, −78 °C and aldehyde; B)

ClTi(Oi-Pr)3, cC5H9MgCl, −78 to −40 °C; then BF3•OEt2, −78 °C and aldehyde.

b
Yield reported is for isomer A.
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Table 4

entry imine unsaturated
alkoxide

yield[a]
[%]

major regioisomer

1 65

2 100 103;R=Et 60 104;R=Et

3 100 105;R=iPr 53 106;R=iPr

4 100 107; R = TMS 55 108; R = TMS

[a]
Reaction conditions: Ti(OiPr)4, cC5H9MgCl, Et2O, −78 to −40 °C, then add unsaturated alkoxide (−40 to 0 °C), quench with sat. NH4Cl(aq).
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