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Enynes are important synthetic intermediates that are also found
in a variety of natural products and other biologically relevant
molecules. The most atom economical synthetic route to enynes is
via the direct coupling of readily available terminal alkyne
precursors. Towards this goal, we demonstrate the formation of
1,3-enynes from terminal alkynes facilitated by a reduced zr'V/Co"
heterobimetallic complex. An intermediate is trapped as a ‘BuNC
adduct, revealing that bimetallic activation of the terminal C-H
bond of the alkyne is an essential mechanistic step.

Enynes are an important building block in organic synthesis
that find use in a variety of transformations such as
cycloaddition and metathesis reactions.’3> In one recent
example, 1,3-enynes have been coupled with ethylene in the
catalytic formation of vinylcyclobutenes en route to
cyclobutane derivatives,* highlighting the continued need for
efficient and inexpensive methods to synthesize 1,3-enyne
precursors. The transition metal-catalyzed dimerization of
terminal alkynes to form the 1,3-enyne motif has been of
particular interest owing to the reaction’s atom economy
combined with the regio- and stereo-control that can be
imparted by transition metal catalysts.> ¢ Most of the transition
metal catalysts active for alkyne dimerization involve precious
metals such as Rh, Ru, or Pd,>19 however, examples of catalysts
containing Earth-abundant transition metals and metal-free
catalytic systems have been rapidly emerging.l2> The
homodimerization reaction proceeds by either head-to-tail
coupling to generate the geminal product or by head-to-head
coupling to form either E or Z alkenes (Scheme 1). The ability to
control the selectivity for these three possible dimerization
products is highly desirable.?® Towards this goal, we have
chosen to investigate a bimetallic approach to the dimerization
of terminal alkynes, hypothesizing that two different metal
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binding sites may provide a unique opportunity to control the
selectivity of C-C bond forming reactions by enabling new
mechanistic pathways or stabilizing key intermediates in one
pathway when multiple competing pathways are viable.

Heterobimetallic complexes have been widely investigated
both for their unique electronic structures and their ability to
perform reactions with enhanced activity and selectivity
compared to their monometallic analogues.?5-31 Our group has
shown that the Zr/Co complex (THF)Zr(MesNPPr,);CoN, (1, Mes
= 2,4,6-trimethylphenyl)3? has an extensive reactivity profile
that includes stoichiometric cleavage of the C=0 bond in CO,
and ketones,?33> and catalytic hydrosilylation and Kumada
coupling reactions.3%38 Despite the diverse reactivity already
unveiled for 1, its reactivity towards unsaturated hydrocarbons
and/or C-H bonds had not been studied. Herein, we present
initial investigations along these lines, specifically focusing on
the reactivity of Zr/Co bimetallic complex 1 with terminal
alkynes.
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Scheme 1. Possible products from the homodimerization of terminal alkynes

To begin probing the reactivity of 1 towards terminal
alkynes, we treated 1 with two equivalents of phenylacetylene
in Et,0 at room temperature (Scheme 2). Analysis of the
reaction mixture by 'H NMR spectroscopy showed nearly
complete conversion of the alkyne to a mixture of metal-
containing products (2a-2c). GC-MS-FID analysis revealed
formation of all three possible isomers of alkyne dimerization,
namely the geminal product, and Z and E alkenes in an
approximately 1:3.5:5.5 ratio.

Although complexes 2a-2c could not be separated, cooling
a Et,0 solution of the product mixture to -35 °C resulted in the
formation of a single crystal of one of the three products, the
metal-bound geminal enyne species 2a. X-ray diffraction
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revealed the product to be an asymmetric Zr/Co complex with
one of the three phosphinoamide ligands bound n? to Zr to
accommodate the bridging enyne (Scheme 2). The enyne
nominally binds via attachment of the C=C triple bond to Zr and
the terminal alkene to Co, although the bond distances reveal
significant m-backbonding and resonance delocalization. The C-
C triple (1.315(6) A) and C-C double (1.436(7) A) bond distances
of the enyne fragment are elongated by roughly 0.1 A compared
to related free enynes (1.20 A and 1.33 A, respectively),3% %° as
would be expected as a result of metal binding. The C-C single
bond (1.430(6) A), on the other hand, remains unchanged
compared to the corresponding distance in free enynes (1.43
A). The Zr-Co distance has lengthened significantly from 2.36(1)
A'in 1 to 2.7502(8) A in 2a,32 which indicates the loss of metal-
metal bonding in the complex as electron density is diminished
upon back-bonding to the bound enyne.

In an effort to selectively form a single enyne isomer, the
alkyne dimerization reaction was carried out at low
temperature. The addition of phenylacetylene to a frozen
solution of 1 in Et,0 led to formation of primarily the E isomer
2b upon thawing. The 31P{*H} NMR spectrum 2b consists of
three resonances, including two broad signals at 51.8 and 51.4
ppm corresponding to inequivalent bridging phosphinoamide
ligands and a sharp singlet at 24.9 ppm for the phosphinoamide
ligand bound n? to the Zr center. Although X-ray quality crystals

This journal is © The Royal Society of Chemistry 20xx

of 2b could not be obtained, the identity of the metal-bound
enyne isomer was confirmed by thorough NMR analysis. The H
NMR spectrum revealed two doublets at 7.84 and 6.96 ppm
with coupling constants of J = 16 Hz, assigned to the alkene
protons. These signals were found to be shifted downfield upon
metal binding when compared to the free E-enyne, but with a
similar coupling constant.*! Further, analysis of the 1H-13C HSQC
NMR spectrum revealed that each alkene proton is attached to
a unique carbon atom (Figure S12), ruling out the geminal
product 2a. As would be expected for an E-alkene, the H-H
NOESY NMR spectrum revealed no through-space interaction
between the two alkene protons. The one- and two-
dimensional NMR data taken together with the solid-state
structure of 2a, which is presumed to have a similar enyne
binding mode, allows us to assign the major alkyne dimerization
product formed at low temperature as 2b, the E enyne-bound
isomer.

The reaction of 1 with two equivalents of
trimethylsilylacetylene was carried out in order to expand the
scope of the reaction. Analysis by 'H and 3P NMR spectroscopy
revealed complete consumption of the TMSC=CH and
formation of a single product (3, Scheme 2). Similar to 2b, three
31p{1H} signals were observed for 3 including a singlet at 21.7
ppm for the phosphinoamide ligand bound n? to Zr and two
broad singlets at 50.2 and 47.9 ppm for the two inequivalent
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bridging phosphinoamide ligands. All attempts to grow suitable
crystals for X-ray crystallographic analysis were unsuccessful, as
the product exhibits high solubility in even the most nonpolar
solvents. However, a suite of one- and two-dimensional NMR
experiments were again used to confirmed the connectivity of
the enyne product, revealing spectroscopic features largely
similar to those of 2b (see Figures S14-S19) and allowing for the
assignment of 3 as the metal-bound E-enyne product resulting
from head-to-head dimerization of TMSC=CH.

To better understand the mechanism of alkyne dimerization
promoted by 1, we next sought to isolate an intermediate.
Reactions of 1 with one equivalent of either terminal alkyne
reagent afforded a 50:50 mixture of starting material 1 and
enyne product 2/3, as evident from integration of 31P{H} NMR
spectra obtained (Figure S24). Since this indicated that any
intermediate species were highly reactive towards addition of a
second equivalent of alkyne, we posited that replacement of
the labile N, ligand with tert-butylisocyanide, which has been
shown to bind irreversibly and effectively block the Co
coordination site,*> 43 would block the binding and insertion of
a second equivalent of terminal alkyne. To test this hypothesis,
(THF)Zr(MesNPPr;);CoCN'Bu  (4) was treated with one
equivalent of TMSC=CH, resulting in the clean formation of a
single new product (5, Scheme 3). The 'H NMR spectrum of 5
showed a well-defined triplet at -12.79 ppm corresponding to a
cobalt-bound hydride. Similar to 2 and 3, complex 5 also
appears to have one ligand that is now bound exclusively to Zr,
as evident by a sharp resonance at 8.02 ppm in the 31P{*H} NMR
spectrum. However, in this case, both bridging phosphinoamide
ligands are significantly downfield-shifted and equivalent on the
NMR timescale, resulting in one broad signal at 107.8 ppm. X-
ray quality crystals of 5 were grown from a concentrated diethyl
ether solution at -35°C, and single crystal X-ray diffraction
revealed a terminal cobalt hydride and a bridging acetylide
ligand that adopts a binding mode that is k! to Co and n? to Zr
(Figure 1).
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Scheme 3. Reaction of 4 with TMSC=CH.

Isolation of 5 suggests that the first step in the alkyne
dimerization process is C-H activation. Coordination and
insertion of a second equivalent of alkyne into either the Co-C
or Co-H bond, followed by reductive elimination would then
form the E or gem enyne isomers depending on the orientation
of the incoming alkyne, with steric effects largely favouring
formation of the E isomer. The formation of the Z enyne isomer
is not possible through such an alkyne insertion step, but could
proceed via formation of a cobalt vinylidene intermediate
following the C-H activation and alkyne coordination steps. A
similar vinylidene intermediate was invoked for Milstein’s Z-
selective alkyne dimerization catalysed by cobalt.’2 Notably,

This journal is © The Royal Society of Chemistry 20xx
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neither mechanistic pathway alone could account for the
formation of all three enyne isomers (E, Z, gem) so, at least in
the case of PhC=CH, more than one mechanistic route is
accessible at room temperature. In the case of 5, ‘BUNC does
not prevent the initial C-H activation step, but serves to prevent
binding of an additional alkyne, halting the dimerization
process. Indeed, no reaction is observed upon treatment of 5
with additional equivalents of TMSC=CH. Isolation of 5 indicates
that one role of the Zr center in this bimetallic transformation is
to stabilize the acetylide fragment generated upon oxidative
addition of the C-H bond.

With information about stoichiometric reactions in hand,
the potential for catalytic turnover was probed. Addition of a
large excess of PhC=CH to a stirring solution of complex 1
afforded an orange solid whose *H NMR and IR spectra were
consistent with polyphenylacetylene (Figures S25-526).44 4> We
hypothesize that formation of the polymer is the result of the
strong binding of the enyne moiety to the metal centres.
Without dissociation of this moiety, subsequent binding and C-
H activation of PhC=CH units leads to lengthening of the
polymer chain rather than loss of bound enyne and turnover to
restart a potential catalytic cycle. Indeed, addition of excess
PhC=CH to complex 2b also led to the formation of
polyphenlyacetylene, further confirming the proposed
mechanism. In contrast, addition of excess TMSC=CH to
complex 1 led only to the formation of complex 3, leaving excess
TMSC=CH in solution. This is most likely due to the greater steric
hindrance around the metal centers in 3, which precludes the
approach of additional equivalents of TMSC=CH to initiate
polymerization.
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Figure 1. Displacement ellipsoid (50%2 representation of 5. Selected bond metrics:

C55-C54, 1.290(11) A; Co-C55, 1.795(9) A; Zr-C55, 2.379(8) A; Zr-C54, 2.417(9) A;
Zr-Co, 2.7898(13) A.

Conclusions

In summary, we have demonstrated that the Zr/Co
bimetallic complex 1 is capable of binding and subsequently
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dimerizing terminal alkynes to form desirable 1,3-enyne motifs.
The resulting enyne product bridges between the metal centers
in an unusual n2-Zr,n3-Co orientation. By exchanging the labile
N, ligand in 1 with the more tightly binding tert-butylisocyanide
ligand in 4, we were able to isolate a C-H activated complex 5 as
a model of a key intermediate in the dimerization process.
Future work will focus on further exploration of the alkyne
dimerization mechanism and efforts to induce catalytic
turnover and extend this reactivity to alkyne cross-dimerization
reactions.
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