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Abstract: The mechanism of the Pauson—Khand reaction has
attracted significant interest due to the unusual dinuclear
nature of the Co,(CO), active site. Experimental and computa-
tional data have indicated that the intermediates following the
initial Co,(CO)4(alkyne) complex are thermodynamically
unstable and do not build up in appreciable concentrations
during the course of the reaction. As a consequence, the key
steps that control the scope of viable substrates and various
aspects of selectivity have remained largely uncharacterized.
Herein, a direct experimental investigation of the dinuclear
metallacycle-forming step of the Pauson—Khand reaction is
reported. These studies capitalize on well-defined d’-d’
dinickel complexes supported by a naphthyridine—diimine
(NDI) pincer ligand as functional surrogates of Co,(CO)s.

Cycloaddition reactions are key targets for the development
of new synthetic methods, providing efficient routes to ring
systems from comparatively simple linear precursors. Tran-
sition-metal-mediated processes have significantly expanded
the scope of viable cycloadditions beyond the subset that are
favorable under thermal conditions."! The Pauson-Khand
reaction is one of the earliest examples and represents
a prototype for three-component couplings.**! The reaction
produces cyclopentenones from the selective union of an
alkene, an alkyne, and CO. Despite its 40-year history, and
numerous applications in organic synthesis, little is known
about the mechanism of the Pauson-Khand reaction. The
initial ligand substitution step between Co,(CO)g and the
alkyne component is well-characterized—over 500 crystal
structures  of Co,(CO)¢(alkyne) adducts have been
reported®'—however, no subsequent intermediates are
detectable under standard reaction conditions. Given the
unique role that metal-metal bonds are thought to play in the
Pauson-Khand reaction, a detailed understanding of the
elementary steps would aid in the development of multi-
nuclear platforms for a broader range of cycloadditions.

The energetic landscape of the Pauson—Khand reaction
poses particular challenges for probing mechanism. The
isolable Co,(CO),(alkyne) complexes that initiate the reac-
tion are themselves relatively inert but upon endothermic loss
of CO engage the alkene in a series of rapid and irreversible
steps leading to cyclopentenone formation.!” In the absence
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of detectable intermediates, the working model advanced by
Magnus and Principe based on stereochemical experiments
has become commonly accepted.[” The proposed mechanism
comprises a sequence of oxidative coupling, CO insertion,
and C—C reductive elimination steps, taking place across
a Co—Co bond (Figure 1a). Of particular interest is the
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Figure 1. a) Proposed dinuclear mechanism for the Pauson-Khand
reaction (Ref. [7]). b) Previous experimental characterization of the
post-alkyne-complex intermediates.

alkene—alkyne coupling step, which is thought to be regio- and
stereoselectivity determining. DFT models have suggested
that the dinuclear nature of the active site might facilitate this
coupling through a stabilizing Co—r interaction that is absent
in analogous mononuclear pathways.’! To date, no experi-
mental systems have been identified that allow this hypothesis
to be tested.

Herein, we report the first direct characterization of
a dinuclear alkene—alkyne coupling process relevant to the
Pauson-Khand reaction and describe the structure of the
associated metallacycle complex.”! Our approach circum-
vents the long-standing challenge associated with studying
Co,(CO); by utilizing a well-defined d’-d’ Ni, complex as
a functional model."”! These results complement experiments
reported by the groups of Gimbert,'!! McGlinchey,"? and
Verdaguer,® which access unstable intermediates along the
Pauson-Khand pathway by conducting reactions in the gas
phase or by using unreactive, conformationally constrained
enyne substrates (Figure 1b).
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As an entry into Pauson-Khand reactivity, we first
examined the accessibility of stable alkyne adducts using
the [""NDI|Ni, platform (NDI = naphthyridine—diimine).l"!
The ["""NDI]|Ni,(C¢H;) complex 1 undergoes ligand substitu-
tion with 1-phenyl-1-propyne (1.0 equiv), reaching full con-
version into 2 within 1 h at room temperature. In the solid
state (Figure 2a), the bound alkyne ligand in 2 exhibits p-n*:m?

Figure 2. Top: Synthesis of the dinuclear p-n*:n*alkyne complex 2.
Bottom: a) Solid-state structure of 2 (thermal ellipsoids set at 50%
probability) and b) computationally optimized structure of Co,(CO)¢-
(MeCCPh) (M06/6-31G(d,p); see the Supporting Information for
details).

coordination and is structurally analogous to previously
reported Co,(CO)¢(alkyne) complexes (Figure 2b). Whereas
the latter typically feature weak interactions between the two
Co centers (an average Co—Co distance of 2.47+0.02 A
among the examples in the Cambridge Structural Data-
base),"! the Ni—Ni distance in complex 2 is relatively short at
2.2751(6) A, representing a significant contraction relative to
the C4H, complex 1 (Ni—Ni=2.496(1) A).

The enyne 3 was selected as a model substrate to probe
alkene-alkyne coupling reactivity.'") When complex 1 is
combined with 3 (1.0 equiv) in CsDy, a transient adduct, 4,
is detected by '"H NMR spectroscopy. Two possible structures
of 4 are shown in Scheme 1, one in which only the alkyne is
coordinated (4a) and the other involving coordination of both
the alkyne and the alkene (4b). The two species are calculated
to be close in energy with the latter being favored by
3.1 kcalmol '. The '"H NMR spectrum of 4 exhibits apparent
C,, symmetry, consistent with a low-barrier pathway for the
net rotation of the alkyne across the Ni—Ni bond. Addition-
ally, significant contributions from an alkene-coordinated
structure are evident in the upfield-shifted signals attributable
to the two terminal protons of the alkene (doublets at 6 =4.16
and 4.35 ppm). For the free substrate, these protons resonate
at 0 =4.95 and 5.14 ppm.

Upon standing at room temperature, the alkyne complex
4 converts to the C—C coupled product 5 (Scheme 1). The
solid-state structure exhibits a notable correspondence to
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Scheme 1. The Pauson—Khand reaction mediated by [NDI]Ni, com-
plexes. Ts = p-toluenesulfonyl.

Magnus’s proposed Pauson-Khand intermediate!” and fea-
tures a nickellacyclopentene fragment interacting in an 1’
fashion with the second Nicenter (Figure3). This Ni—n

(b)

Figure 3. a) Solid-state structure of 5 (thermal ellipsoids set at 50%
probability). b) Computationally optimized structure of the proposed
metallacycle derived from Co,(CO)g (M06/6-31G(d,p)).

interaction induces significant rehybridization at the C1 and
C2 positions toward the sp® limit, positioning the C2
substituent within the concave face of the bicyclic system
(see Figure 3a for atom labelling). Complex 5 is a competent
intermediate en route to the terminal cyclopentenone prod-
uct of the Pauson-Khand reaction. Exposure of 5 to an
atmosphere of CO provides 6, which was isolated in 78 %
yield over the two steps (Scheme 1).

The formation of complex 5 follows a first-order rate
dependence on the concentration of the alkyne adduct 4,
consistent with the expected unimolecular mechanism for C—
C coupling. The full reaction profile for the conversion of
1 and 3 into 5 is shown in Figure 4a. The intermediate
complex 4 is directly detectable by 'H NMR spectroscopy and
decays with a half-life of 53 min at 30°C, corresponding to an
activation free energy of 22.7 kcalmol . To characterize the
effect of electron-donating and withdrawing groups on the
rate of metallacycle formation, we examined enyne deriva-
tives bearing CF; (3-CF;) and NMe, (3-NMe,) substitution at
the para position of the aryl ring (Figure 4b). Transition-
metal-mediated couplings between m components are gener-
ally described as being oxidative from the perspective of the

www.angewandte.org

An dte

Chemie

608g


http://www.angewandte.org

(a)
s
£
c
Re]
5
€
[0}
(s}
c
o)
(&)
. A4 a
., AAaa A A
O . . r's
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time (s)
(b) 0.010
0.009
0.008
_ 0.007
@ R
= 0.006 -
£
- i Ts £
% 0.005 P =
S 0.004 R =-CF, (3-CF;)
1] R =-NMe, (3-NMe,)
£ 0.003
[
0.002 - R=-H *
0.001 R = -NMe,
0000 T T T T T T
0 2 4 6 8 10 12 14
[4] (mM)

6086

Figure 4. a) Kinetic profile for the reaction between complex 1 and
enyne 3 to form the metallacycle 5 (monitored by '"H NMR spectrosco-
py, 30°C). b) First-order dependence of d[5]/dt on [4].

metal center. In accordance with this description, there is
a rate increase for the more electron-deficient CF;-substi-
tuted substrate and a decrease for the NMe,-substituted
enyne. A plot of the first-order rate constants as a function of
the Hammett o, constants yields a p value of +0.88, indicat-
ing a buildup of negative charge at the C2 position in the
transition state."®!

A central question regarding the electronic structure of
the key Pauson-Khand intermediates is the relative distribu-
tion of redox activity between the two metal centers, the
supporting ligands, and the fragments undergoing coupling. In
the case of the [NDI]Ni,-mediated reaction, calculations
suggest that a significant redistribution of electron density
occurs in the initial ligand substitution process. Loss of C¢Hg
and coordination of the alkyne is accompanied by charge
transfer from the NDI 7 system to the bound alkyne (0.20
electron equivalents by NBO population analysis), resulting
in an activation of the C—C triple bond (1.334(2) A in
complex 2). The subsequent coupling then proceeds with
minimal change in the partial charges of either the NDI ligand
or the Ni—Ni bond. These calculated values are reflected
experimentally in the bond metrics associated with the redox-
sensitive NDI m system. It is noteworthy that previous DFT
calculations conducted on the Co,(CO); system also indicated
a valence isoelectronic d’-d’ Co’~Co” state for the analogous
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alkyne and metallacycle complexes.® By this analysis, the
alkene-alkyne coupling step is better formulated as a redox-
neutral migratory insertion rather than a two-electron
oxidative coupling.

Having demonstrated an efficient dinuclear alkene—
alkyne coupling pathway, we next evaluated whether analo-
gous reactivity is observed using mononickel complexes.
Ni metallacycles formed from the coupling of an alkyne and
a hetero  component (for example, imines and o,f3-unsatu-
rated aldehydes) are known,"”! but those specifically derived
from an alkyne and an unactivated alkene have not previously
been reported."™ Accordingly, we surveyed the reactivity of
enyne 3 with a range of [N,N]Ni(COD) complexes bearing
iminopyridine, bipyridine, and diazadiene (DAD) chelates.
Complexes of the former two ligand classes yielded only
intractable product mixtures, characterized by the formation
of insoluble precipitates. Fortuitously, the [ "DAD]Ni(COD)
complex 7 afforded well-defined reactivity, enabling the
mononickel coupling pathway to be characterized.

Complex 7 undergoes ligand exchange with 3 to form the
alkyne adduct 8 (Figure Sa). No further reactivity is detected,
even after heating at 60°C for 3 days. However, the more
reactive CF;-substituted enyne is competent at undergoing
C—C coupling, albeit in low yield and at a significantly slower
rate than the dinuclear process. The reaction reaches full
conversion after 12 h at 60°C, providing the metallacycle 9-
CF;, which was isolated in a yield of 18 % after crystallization,
along with a mixture of unidentified side products. The most
notable difference between the structure of 9-CF; (Figure 5b)
and its dinickel congener, 5, is the absence of the nz Ni-7t
interaction. Consequently, the carbons belonging to the
alkenyl group are sp’-hybridized, positioning the C2 substitu-
ent roughly in the plane of the five-membered ring. This
structural contrast highlights a key element of stereocontrol
in the proposed mechanism of the Pauson—-Khand reaction,
wherein the metal-metal bond imparts stereogenicity at the
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Figure 5. Top: Mononickel alkene—alkyne coupling reactions. Bottom:
Solid-state structures of a) 8 and b) 9-CF;. Thermal ellipsoids in (a)
and (b) are at 50% probability.
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C1 and C2 positions, which, in turn, influence the configu-
ration of the newly forming center at the C3 position.

In summary, the [NDI]Ni, platform serves as a functional
model for Co,(CO); in the Pauson—Khand reaction, providing
insight into key intermediates that are otherwise thermody-
namically inaccessible. The Ni—Ni bond presents a unique
electronic environment for alkene—alkyne coupling reactions,
facilitating metallacycle formation through a stabilizing sec-
ondary Ni—r interaction. This interaction is notably absent in
the mononickel pathway, which proceeds at a substantially
slower rate and in low yield. In addition to addressing
unresolved questions regarding the mechanism of the classic
Pauson-Khand reaction, these results underscore the oppor-
tunities for controlling the activity and selectivity of cyclo-
addition catalysts by manipulating the number of metal
centers in the active site.

Acknowledgements

This work was generously supported by Purdue University.
We thank Ian Powers and Sudipta Pal for assistance with X-
ray crystallography and UV/Vis/NIR spectroscopy.

Keywords: cycloaddition - metallacycles - metal—
metal interactions - nickel - Pauson—Khand reaction

How to cite: Angew. Chem. Int. Ed. 2016, 55, 6084 -6087
Angew. Chem. 2016, 128, 6188-6191

[1] a) N. E. Schore, Chem. Rev. 1988, 88,1081 -1119; b) M. Lautens,
W. Klute, W. Tam, Chem. Rev. 1996, 96, 49-92; c) I. Ojima, M.
Tzamarioudaki, Z. Li, R. J. Donovan, Chem. Rev. 1996, 96, 635 —
662.

[2] a) P. L. Pauson, I. U. Khand, Ann. N. Y. Acad. Sci. 1977, 295,2 -
14; b) P. L. Pauson, Tetrahedron 1985, 41, 5855 —5860.

[3] a) K. M. Brummond, J. L. Kent, Tetrahedron 2000, 56, 3263 -
3283; b) T. Shibata, Adv. Synth. Catal. 2006, 348, 2328 -2336;
¢) N. E. Schore, Organic Reactions, Wiley, Hoboken, 2004.

[4] J. Blanco-Urgoiti, L. Anorbe, L. Perez-Serrano, G. Dominguez,
J. Perez-Castells, Chem. Soc. Rev. 2004, 33, 32-42.

[5] a) Y. Keun Chung, Coord. Chem. Rev. 1999, 188, 297-341,
b) M. J. Went, Adv. Organomet. Chem. 1997, 41, 69-125.

[6] For kinetics studies of the Pauson-Khand reaction, see: a) R.
Cabot, A. Lled6, M. Revés, A. Riera, X. Verdaguer, Organo-

Communications

Internati

metallics 2007, 26, 1134—1142; b) M. A. Henderson, J. Luo, A.
Oliver, J. S. McIndoe, Organometallics 2011, 30, 5471 —5479.

[7] P. Magnus, L. M. Principe, Tetrahedron Lett. 1985, 26, 4851 —
4854.

[8] a) M. Yamanaka, E. Nakamura, J. Am. Chem. Soc. 2001, 123,

1703-1708; b) T.J. M. de Bruin, A. Milet, F. Robert, Y.

Gimbert, A. E. Greene, J. Am. Chem. Soc. 2001, 123, 7184 -

7185; ¢) F. Robert, A. Milet, Y. Gimbert, D. Konya, A.E.

Greene, J. Am. Chem. Soc. 2001, 123, 5396 —5400.

For related metallacycles derived from alkyne homo-oligomeri-

zation using Co,COg, see: a) R.J. Baxter, G. R. Knox, P. L.

Pauson, M. D. Spicer, Organometallics 1999, 18, 197-205;

b) M. A. Bennett, P. B. Donaldson, Inorg. Chem. 1978, 17,

1995-2000; ¢) G. Predieri, A. Tiripicchio, M. T. Camellini, M.

Costa, E. Sappa, J. Organomet. Chem. 1992, 423, 129-139.

[10] a) Y.-Y. Zhou, D. R. Hartline, T. J. Steiman, P. E. Fanwick, C.

Uyeda, Inorg. Chem. 2014, 53,11770-11777; b) T. J. Steiman, C.

Uyeda, J. Am. Chem. Soc. 2015, 137, 6104-6110; ¢) S. Pal, C.

Uyeda, J. Am. Chem. Soc. 2015, 137, 8042 —8045.

a) Y. Gimbert, D. Lesage, A. Milet, F. Fournier, A. E. Greene, J.-

C. Tabet, Org. Lett. 2003, 5, 4073-4075; b) D. Lesage, A. Milet,

A. Memboeuf, J. Blu, A. E. Greene, J.-C. Tabet, Y. Gimbert,

Angew. Chem. Int. Ed. 2014, 53, 1939-1942; Angew. Chem.

2014, 126, 1970-1973.

[12] a) E. V. Banide, H. Miiller-Bunz, A. R. Manning, P. Evans, M. J.
McGlinchey, Angew. Chem. Int. Ed. 2007, 46, 2907-2910;
Angew. Chem. 2007, 119, 2965-2968; b) S. A. Brusey, E. V.
Banide, S. Dorrich, P. O’Donohue, Y. Ortin, H. Miiller-Bunz, C.
Long, P. Evans, M. J. McGlinchey, Organometallics 2009, 28,
6308-6319.

[13] C. Ferrer, J. Benet-Buchholz, A. Riera, X. Verdaguer, Chem.
Eur. J. 2010, 16, 8340 —8346.

[14] J. A. Platts, G. J. S. Evans, M. P. Coogan, J. Overgaard, Inorg.
Chem. 2007, 46, 6291 —6298.

[15] N. E. Schore, M. C. Croudace, J. Org. Chem. 1981, 46, 5436 —
5438.

[16] C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165-195.

[17] a) K. K.D. Amarasinghe, S.K. Chowdhury, M.J. Heeg, J.
Montgomery, Organometallics 2001, 20, 370-372; b) Y. Hoshi-
moto, T. Ohata, M. Ohashi, S. Ogoshi, Chem. Eur. J. 2014, 20,
4105-4110; c) S. Ogoshi, T. Arai, M. Ohashi, H. Kurosawa,
Chem. Commun. 2008, 1347 —1349.

[18] For related mononuclear metallacycles using Fe or Ti, see:
a) J. M. Hoyt, K. T. Sylvester, S. P. Semproni, P. J. Chirik, J. Am.
Chem. Soc. 2013, 135, 4862 —-4877; b) D. B. Millward, A. P. Cole,
R. M. Waymouth, Organometallics 2000, 19, 1870—-1878.

[9

—

[11

—_—

Received: February 19, 2016
Published online: April 8, 2016

Angew. Chem. Int. Ed. 2016, 55, 6084 -6087

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

6087


http://dx.doi.org/10.1021/cr00089a006
http://dx.doi.org/10.1021/cr950016l
http://dx.doi.org/10.1021/cr950065y
http://dx.doi.org/10.1021/cr950065y
http://dx.doi.org/10.1111/j.1749-6632.1977.tb41819.x
http://dx.doi.org/10.1111/j.1749-6632.1977.tb41819.x
http://dx.doi.org/10.1016/S0040-4020(01)91424-3
http://dx.doi.org/10.1016/S0040-4020(00)00148-4
http://dx.doi.org/10.1016/S0040-4020(00)00148-4
http://dx.doi.org/10.1002/adsc.200600328
http://dx.doi.org/10.1039/B300976A
http://dx.doi.org/10.1016/S0010-8545(99)00032-6
http://dx.doi.org/10.1021/om060935+
http://dx.doi.org/10.1021/om060935+
http://dx.doi.org/10.1021/om200717r
http://dx.doi.org/10.1016/S0040-4039(00)94968-2
http://dx.doi.org/10.1016/S0040-4039(00)94968-2
http://dx.doi.org/10.1021/ja005565+
http://dx.doi.org/10.1021/ja005565+
http://dx.doi.org/10.1021/ja015781y
http://dx.doi.org/10.1021/ja015781y
http://dx.doi.org/10.1021/ja004170n
http://dx.doi.org/10.1021/om980544y
http://dx.doi.org/10.1021/ic50185a061
http://dx.doi.org/10.1021/ic50185a061
http://dx.doi.org/10.1016/0022-328X(92)83029-H
http://dx.doi.org/10.1021/ic5020785
http://dx.doi.org/10.1021/jacs.5b03092
http://dx.doi.org/10.1021/jacs.5b04990
http://dx.doi.org/10.1021/ol035503z
http://dx.doi.org/10.1002/anie.201307745
http://dx.doi.org/10.1002/ange.201307745
http://dx.doi.org/10.1002/ange.201307745
http://dx.doi.org/10.1002/anie.200605171
http://dx.doi.org/10.1002/ange.200605171
http://dx.doi.org/10.1021/om900615m
http://dx.doi.org/10.1021/om900615m
http://dx.doi.org/10.1002/chem.201000357
http://dx.doi.org/10.1002/chem.201000357
http://dx.doi.org/10.1021/ic070278t
http://dx.doi.org/10.1021/ic070278t
http://dx.doi.org/10.1021/jo00339a046
http://dx.doi.org/10.1021/jo00339a046
http://dx.doi.org/10.1021/cr00002a004
http://dx.doi.org/10.1021/om0010013
http://dx.doi.org/10.1002/chem.201304830
http://dx.doi.org/10.1002/chem.201304830
http://dx.doi.org/10.1039/b717261c
http://dx.doi.org/10.1021/ja400895j
http://dx.doi.org/10.1021/ja400895j
http://dx.doi.org/10.1021/om990707y
http://www.angewandte.org

