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Reactivity of a trans-[H-Mo=Mo-H] Unit Towards Alkenes and Alkynes.
Bimetallic Migratory Insertion, H-Elimination and Other Reactions
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Complex [Moz(H)2{pu-HC(NDipp)2}2(THF)2], (1-THF), reacts with C2Hs and PhCH=CH: to afford hydrido-
hydrocarbyl and bis(hydrocarbyl) derivatives of the Mo=Mo bond. Reversible migratory insertion and
B-hydrogen elimination, as well as reductive elimination and other reactions, have been uncovered.
PhC=CH behaves instead as a Bronsted-Lowry acid towards the strongly basic Mo-H bonds of 1-THF.

More than thirty-five years ago, Chisholm proposed'? that “all the types of reactions which have been
studied for mononuclear transition metal complexes will also occur for dinuclear transition metal
complexes”. Although the first complex with a metal-metal quadruple bond was discovered by Cotton and
coworkers in 1964, intense research in recent years has brought about a remarkable strengthening of
the chemistry of M-M single and multiple bonds,? particularly with the discovery of high bond orders
beyond the quadruple limit,* and with the recognition that many important stoichiometric and catalytic
reactions require the concerted action of pairs of directly bonded active metal sites.>”

Despite this progress, developing useful catalytic transformations is still at an early stage,’® particularly
for catalysis by metal-metal multiple bonds.®° Though knowledge of elementary reactions on multiply
bonded dimetal entities has accumulated steadily®'° since Chisholm’s studies,! there is a surprising
scarcity of information on some of these transformations, as for instance oxidative addition and reductive
elimination of H-H and C-H bonds.'**? Similarly, well-defined examples of hydride eliminations and of
migratory insertions on M-M multiple bonds are scant.’®

With the perception that alkyl complexes of the Mo=Mo bond are important research objectives,'* we
studied recently the unsaturated compound [Mo:Mex{u-HC(NDipp)2}:] (Dipp=2,6-'Pr.CeHs), which
features a fourteen-electron count and three-coordinate (plus the Mo=Mo bond) metal atoms.’> We next
envisioned that longer chain hydrocarbyl analogues, [R-Mo=Mo-R], would also be attractive targets as
models for the study of elementary reactions involving the formation and cleavage of C-H and H-H bonds.
Herein we discuss the interaction of the bis(hydride) complex [Mo2(H)2{u-HC(NDipp)2}2(THF)2] (1-THF)!22b
with the unsaturated hydrocarbons RCH=CH2 and the RC=CH (R=H, Ph) as archetypes for alkene and alkyne
reactivity, respectively. Besides the formation of novel, unsaturated bis(hydrocarbyl) and hydrido-
hydrocarbyl complexes, we describe concomitant bimetallic migratory insertion, reductive elimination
and other reactions of the central trans-[H-Mo=Mo-H] unit of 1-THF.

An immediate, albeit temporary, colour change from red-brown to green, took place when a toluene
solution of 1-THF was placed under 1 bar of C2H4 at room temperature. Upon further reaction (5-6 hours)
the solution became again red-brown. *H NMR monitoring (CsDs, 25°C, 400 MHz; see Figure S1 in the
Supporting Information) revealed complete consumption of 1-THF after only 5 min and appearance of
two complexes, namely a green intermediate species A and a red-brown complex 2, which became the
only reaction product after a period of 5-6 hours (Scheme 1). The NMR spectra of complex 2 strongly


https://core.ac.uk/display/227043726?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

supported formulation as the bis(ethyl) derivative [Mo2Et2{p-HC(NDipp)2}2], resulting from migratory
insertion of ethylene into the Mo-H bonds of 1-THF. The Mo-CH2CHs units of 2 give rise to characteristic
triplet and quartet H resonances at 2.25 and 2.61 ppm (3/uu= 7.3 Hz), corresponding to the methyl and
the methylene hydrogen atoms, respectively. Associated 3C signals can be found at 31 and 17.4 ppm,
with Yen values of 120 and 123 Hz (determined by 2D HSQC NMR experiments), in accordance with
terminal ethyl coordination void of agostic interactions.® The structure of 2 is therefore similar to that
found previously for the bis(methyl) complex analogue.?®

Complex 2 possesses poor thermal stability in solution, but in the presence of ethylene decomposition is
retarded, allowing its crystallization from concentrated toluene solutions at 0°C. Figure 1 shows an ORTEP
view of the molecules of 2 that contain a trans-[Et-Mo=Mo-Et] central group characterized by d(Mo-
Mo)=2.083(5) A and d(Mo-C)=2.154(2) A, which are comparable to corresponding values in [Mo2Me2{u-
HC(NDipp)2}2].*° For each Mo atom the shortest Mo---H distances to the other Mo-CH>CH3 and Mo-CH2CH3
groups are of ca. 3.26 and 2.93 A, thereby too long for significant agostic interactions.'® Thus, as shown in
Scheme 1 and Figure 1, complex 2 is best represented in solution and in the solid state as featuring four -
coordinate Mo atoms (including the Mo=Mo bond) with a fourteen-electron count.

We next centred attention on the nature of the green intermediate A. This species was generated in more
than 90 % yield (by *H NMR) either from 1-THF and a large excess of CzH4 in C7Ds at -30°C, or alternatively
by the room temperature reaction of 1-THF and CzHs in a 1:4 molar ratio (Scheme 1). This allowed full
spectroscopic characterization at the said temperatures. Its lower symmetry in comparison with 2 explains
the observation of four septets and eight doublets (instead of two and four for 2), attributable to the
methyne and methyl protons, respectively, of the eight amidinate isopropyl substituents (Figure S2).
Moreover, a singlet at 3.15 ppm (relative intensity 1H) can be assigned to the Mo-H bond (5.67 ppm in
1-THF), whereas a quartet resonance at 1.92 ppm and a triplet at 0.70 ppm (2H:3H relative intensities)
convincingly point at the presence of a Mo-CH2CHs bond, therefore indicating that A is the product of the
first C2Hs migratory insertion into the Mo-H bonds of 1-THF (Scheme 1). In the presence of C2Hs, A converts
into the bis(ethyl) complex 2, while in its absence it decomposes quickly liberating ethane as
demonstrated by GC-MS analysis (see the SlI). Thus, it is clear that: (a) bimetallic ethylene migratory
insertion and B-H elimination are, as expected, reversible; and (b) the trans-to-cis isomerization of the H-
Mo=Mo-C:Hs core of A required for bimetallic reductive elimination of C:He is facile under our
experimental conditions.!? Computational studies (see the SI) reveal that the first migratory insertion
leading to A needs surmounting an energy barrier of ca. 14.4 kcal-mol-1 whereas its microscopic reverse
B-H elimination is much less costly, with AG¥ = 6.8 kcal-mol™.

At variance with C;Hs, PhCH=CH: vyields only a monoinsertion hydrido-phenetyl product
[Mo2(H)(CH2CH2Ph){u-HC(NDipp)2}2], (B), under similar reaction conditions. Given the high steric
hindrance exerted by the two HC(NDipp): ligands in the coordination environment of the Mo=Mo bond,
failure to reach a bis-insertion complex analogous to 2 is most probably due to steric reasons. Like A, B
has meagre thermal stability and could not be isolated as a pure solid. NMR data are, however, in full
agreement with the proposed formulation (see the SI).

Toluene or benzene solutions of complex 2 kept under C2Hs4, underwent a slow rearrangement (4-5 days)
that led to a new organometallic complex of the Mo=Mo bond (complex 3 in Scheme 2). Besides signals
due to the amidinate ligands, its *H NMR spectrum contains several multiplets spanning a wide chemical
shift range of nearly 10 ppm (from 11.20 to 1.33), hinting at the existence of two different hydrocarbyl
ligands. *H and 3C NMR studies allowed their recognition as Mo-CH2CHs and Mo-CH=CH,, the vinyl being
responsible for three H resonances at 11.20 (dd, 3/uw=15.7 and 9.8 Hz), 6.26 (dd, 3/un=15.7 and 1.8 Hz)
and 6.9 ppm. The latter is underneath some amidinate aromatic signals and was only detectable with the
aid of a COSY experiment. These resonances are associated with 13C signals at 207.4 and 113.4 ppm that
present one-bond *C-'H couplings of 145-150 Hz.



Formulation of 3 as an ethyl-vinyl complex was unequivocally confirmed by X-ray diffraction studies
(Figure 2). The Mo2(CH2CHz)(CH=CH3) half of 3 is characterized by Mo-Mo, Mo-CH2CHs and Mo-CH=CH:
bond distances of 2.110(4) A, 2.174(3) A and 2.124(3) A, respectively. Once more, the ethyl ligand is
terminal and does not seem to participate in agostic interactions with the other Mo atom (Mo1 in Figure
2), because the shortest Mol::-CHs contact is of around 3.48 A. Nevertheless, the Mo1-bonded vinyl
carbon atom C53 might be engaged in a non-classical, 3c-2e bond,'” but since the Mo2-+C53 contact is
rather long at 2.519(3) A, if at all, this interaction must be weak. Although a detailed mechanistic
investigation of the 2 to 3 transformation is beyond the scope of this work, it is worth detailing some
experimental observations made during its progress. In the absence of C2Ha, decomposition of 2 was rapid
and generated CoHe and CzHa, similar to Chisholm’s finding for the triply bonded [Mo2(CH2CHsz)2(NMe3)4]
complex.'® Additionally, the reaction of the quintuply bonded [Mo2{pu-HC(NDipp)2}2] complex®® with C2Ha4
formed 3 as the main reaction product (Figure S7). These findings suggest that in its way to 3, complex 2
experiences B-H elimination with generation of C2Hs and formation of the hydride-ethyl intermediate A,
followed by reductive elimination of CoHe. In the presence of sufficient amounts of C2H4, the resulting Mo-
Mo quintuple bond promotes oxidative addition of an ethylene C-H bond. Subsequent isomerization of
the resulting cis-[H-Mo=Mo-(CH=CH.)] moiety*?* and migratory insertion of CzHa into the Mo-H bond
would render complex 3.

In an NMR tube reaction performed in CéDs, complex 1-THF reacted immediately with C2Hz (1 bar) forming
a black precipitate of polyacetylene.?’ PAC=CH behaved differently. Once more, reaction was fast at room
temperature, and as represented in Scheme 3, it gave rise to a bright red solution of the alkynyl complex
[Mo2(C=CPh)2{u-HC(NDipp)2}2(THF)2], (4), in 290 % vyield by *H NMR. Formation of dihydrogen was
demonstrated by *H and 2H NMR studies with the detection of HD when PhC=CH was allowed to react
with the bis(deuteride) isotopologue of 1-THF (Scheme 3 and Sl). Full characterization of 4 was attained
by microanalysis, IR and NMR spectroscopy and by X-ray studies (Figure S10). An IR band due to 0 (C=C)
was recorded at 2057 cm™, while the 3C {*H} NMR spectrum showed two resonances at 134.2 and 113.7
ppm due to the alkynyl carbon atoms, in agreement with literature values.?! Formation of complex 4 as in
Scheme 3 can therefore be viewed as a Bronsted-Lowry acid-base reaction involving strongly basic Mo- H
bonds (for PhAC=CH in DMSO pKa=28.7).2% At this stage, however, no mechanistic information is available.
As can be seen in Figure S10, complex 4 contains two coordinated molecules of THF, short Mo-C bonds to
the alkynyl ligands (2.113(3) A), and also short C=C distances of 1.217(4) A. The Mo- Mo bond has a normal
length for a quadruple bond at 2.122(3) A, being nonetheless slightly longer than in 1-THF,'22b possibly
because of the bulkiness of phenylacetylide compared to hydride.

In conclusion, the bis(hydride) complex 1-THF experiences facile bimetallic reversible migratory insertion
of C2Ha to afford the bis(ethyl) complex 2. Well-known B-H elimination in mononuclear complexes is
thermodynamically favoured for the Mo=Mo bond, at least when driven by concomitant dissociation of
the resulting ethylene molecule and subsequent irreversible reductive elimination of ethane. When 2 is
allowed to rearrange under CzHa, the reaction end-product is the ethyl-vinyl complex 3, that can also be
reached from the Mo-Mo quintuple bond and ethylene, in a complex reaction that most likely involves
oxidative addition of an ethylene Csp2-H bond to the Mo-Mo quintuple bond.?

Acknowledgements

This work has been supported by the Spanish Ministry of Economy and Competitiveness (Project
CTQ2016-75193-P [AEI/FEDER, UE]) and the European Research Council (ERC Starting Grant, CoopCat,
Project 756575). M. P.-J. thanks the Ministry of Education, Culture and Sports for an FPU PhD fellowship.
We are grateful to the Centro de Servicios de Informatica y Redes de Comunicaciones (CSIRC), Universidad
de Granada for providing the computing time. Dedicated to Prof. Richard R. Andersen at his 75th birthday,
in honor of his outstanding career.



Notes and references

1 (a) M. H. Chisholm, Chapter 2, Reactivity of Metal-Metal Bonds, ACS Symposium Series, 1981, 155; (b)
M. H. Chisholm, Angew. Chem. Int. Ed., 1986, 25, 21; (c) M. H. Chisholm, Acc. Chem. Res. 1990, 23, 419;
(d) M. H. Chisholm, Pure and Appl. Chem., 1991, 63, 665.

2 F. A. Cotton, N. F. Curtis, C. B. Harris, B. F. G. Johnson, S. J. Lippard, W. R. Robinson, J. S. Wood, Science,
1964, 145, 1305.

3 (a) F. A. Cotton, L. A. Murillo, R. A. Walton, Multiple Bonds between Metal Atoms, 3rd edition, Springer:
New York, 2005; (b) Molecular Metal-Metal Bonds: Compounds, Synthesis, Properties (Editor: S. T. Liddle),
Wiley-VCH Verlag GmbH & Co, Weinheim, 2014.

4 T. Nguyen, A. D. Sutton, M. Brynda, J. C. Fettinger, G. J. Long, P. P. Power, Science, 2005, 310, 844.

5J. F. Berry, C. M. Thomas, Dalton Trans., 2017, 46, 5472 (special issue on multimetallic complexes).

6 J. B. Berry, C. C. Lu, Inorg. Chem., 2017, 56, 7577 (virtual issue on metal-metal bonds).

7 (a) T. Inatomi, Y. Koga, K. Matsubara, Molecules, 2018, 23, 140; (b) I. G. Powers, C. Uyeda, ACS Catalysis,
2017, 7, 936; (c) M. Iglesias, E. Sola, L. A. Oro, Chapter 2 of Homo- and Heterobimetallic Complexes in
Catalysis: Cooperative Catalysis (Editor: P. Kalck), Springer International Publishing, 2016; (d) B. G. Cooper,
J. W. Napoline, C. M. Thomas, Catalysis Reviews: Science and Engineering, 2012, 54, 1.

8 (a) H. -Z. Chen, S. -C. Liu, C. H. Yen, J-S. K. Yu, Y. -J. Shieh, T. -S. Kuo, Y. -C. Tsai, Angew. Chem. Int. Ed.,
2012, 51, 10342; (b) Y.-S. Huang, G. -T. Huang, Y. -L. Liu, J-S. K. Yu, Y. -C. Tsai, Angew. Chem. Int. Ed., 2017,
56, 15427; (c) S. Rej, M. Majumdar, S. Kando, Y. Sugino, H. Tsurugi, K. Mashima, Inorg. Chem., 2017, 56,
634; (d) H. Tsurugi, A. Hayakawa, S. Kando, Y. Sugino, K. Mashima, Chem. Sci., 2015, 6, 3434.

9Y. Chen, S. Sakaki, Dalton Trans., 2014, 43, 11478.

10 N. V. S. Harisomayajula, A. K. Nair, Y. -C. Tsai, Chem. Commun., 2014, 50, 3391.

11 (a) M. L. H. Green, A. K. Hughes, P. Mountford, J. Chem. Soc. Dalton Trans., 1991, 0, 1407; (b) M. L. H.
Green, P. Mountford, J. Chem. Soc. Chem. Commun., 1989, 0, 732; (c) R. L. Miller, K. A. Lawler, J. L. Bennett,
P. T. Wolczanski. Inorg. Chem., 1996, 35, 3242

12 (a) M. Carrasco, N. Curado, C. Maya, R. Peloso, A. Rodriguez, E. Ruiz, S. Alvarez, E. Carmona, Angew.
Chem. Int. Ed., 2013, 52, 3227; (b) M. Carrasco, N. Curado, E. Alvarez, C. Maya, R. Peloso, A. Rodriguez, E.
Ruiz, S. Alvarez, E. Carmona, Chem. Eur. J., 2014, 20, 6092; (c) Y. Chen, S. Sakaki, Inorg. Chem., 2017, 56,
4011.

13 (a) M. A. Alvarez, M. E. Garcia, D. Garcia-Vivd, M. A. Ruiz, M. Fernanda Vega, Dalton Trans., 2016, 45,
5274; (b) M. A. Alvarez, M. Casado-Ruano, M. E. Garcia, D. Garcia-Vivd, Miguel A. Ruiz, Inorg. Chem., 2017,
56, 11336 (d) T. J. Mazzacano, N. J. Leon, G. W. Waldhart, N. P. Mankad, Dalton Trans., 2017, 46, 5518;
(e) I. Dutta, A. Sarbajna, P. Pandey, S. M. W. Rahaman, K. Singh, J. K. Bera, Organometallics, 2016, 35,
1505; (f) M. Cree-Uchiyama, J. R. Shapley, G. M. St. George, J. Am. Chem. Soc., 1996, 108, 3242.

14 (a) F. A. Cotton, J. M. Troup, T. R. Webb, D. H. Williamson, G. Wilkinson, J. Am. Chem. Soc., 1974, 96,
3824; For methyl derivatives of the Mo=Mo bond see: (b) R. A. Andersen, R. A. Jones, G. J. Wilkinson, J.
Am. Chem. Soc. Dalton Trans., 1978, 446; (c) G. S. Girolami, V. V. Mainz, R. A. Andersen, S. H. Vollmer, V.
W. Day, J. Am. Chem. Soc., 1981, 103, 3953; (d) F. A. Cotton, K. J. Wiesinger, Inorg. Chem., 1990, 29, 2594.
15 N. Curado, M. Carrasco, J. Campos, C. Maya, A. Rodriguez, E. Ruiz, S. Alvarez, E. Carmona, Chem. Eur.
J., 2017, 23, 194.

16 (a) M. Brookhart, M. L. H. Green, G. Parkin, Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 6908; (b) M.
Brookhart, M. L. H. Green, Journal of Organometallic Chemistry, 1983, 250, 395.

17 (a) J. C. Green, M. L. H. Green, G. Parkin, Chem. Commun. 2012, 48, 11481; (b) M. L. H. Green, G. Parkin,
Structure Bonding, Springer, Cham, 2017.

18 (a) M. J. Chetcuti, M. H. Chisholm, D. A. Haitko, J. C. Huffman, J. Am. Chem. Soc., 1982, 104, 2138; (b)
M. H. Chisholm, D. A. Haitko, K. Folting, J. C. Huffman, J. Am. Chem. Soc., 1981, 103, 4046.

19Y. -C. Tsai, H. —Z. Chen, C. -C. Chang, J. -S. K. Yu, G. -H. Lee, Y. Wang, T. -S. Kuo, J. Am. Chem. Soc., 2009,
131, 12534,



20 (a) S. S. Karpiniec, D. S. McGuinness, G. J. P. Britovsek, T. S. Wierenga, J. Patel, Chem. Commun., 2011,
47, 6945; (b) J. Campos, J. Am. Chem. Soc., 2017, 139, 2944,

21 S. Schnitzler, T. P. Spaniol, J. Okuda, Inorg. Chem., 2016, 55, 12997.

22 F. G. Bordwell, Acc. Chem. Res., 1988, 21, 456.

Scheme 1. Reaction of complex 1-THF with C2Ha.
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Figure 1. Solid-state molecular structure of complex 2.




Scheme 2. Rearrangement of complex 2 in the presence of C2Ha.
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Figure 2. Solid-state molecular structure of complex 3.
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