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Catalytic Hydrogen/Deuterium Exchange of Unactivated Carbon—
Hydrogen Bonds by a Pentanuclear Electron-Deficient Nickel Hydride

Cluster**
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The activation and catalytic functionalization of C—H bonds
has gained importance as both a green and economical
synthetic approach.'!'. A modern goal is the use of less
expensive first-row metals, such as nickel, in lieu of the
expensive second- and third-row metals currently used for
most catalytic C—H functionalization processes. Although
there are examples of catalytic C—H bond functionalization
using nickel, which include unprecedented reactions such as
C—H bond stannylation,?! these transformations are typically
limited to activated substrates like fluorinated aromatics.”!
An alternative approach is to use cooperative bond activa-
tion® by dinuclear or polynuclear complexes in unusual
oxidation states; for example, dinuclear Ni' complexes have
been reported to mediate the rearrangement of activated C—
H bonds.”! Polynuclear clusters of the first-row transition
metals may have an advantage over their heavier congeners in
catalytic reactivity, because of the smaller HOMO-LUMO
gap and weaker metal-metal bonds that render these com-
plexes more reactive (HOMO/LUMO = highest occupied/
lowest unoccupied molecular orbital).[’!

The reaction of [(iPr;P),Nil,(u-N,)" and dihydrogen with
the loss of N, according to Scheme 1 provides the pentanu-
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Scheme 1. Synthesis of pentanuclear complex 1.

clear cluster (iPr;P)Ni(p;-H),[(iPr;P)Ni(u,-H)], (1). Cooling
a pentane solution of the product to —34°C led to the
precipitation of dark-brown rhombic crystals of 1 in 26 %
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yield; the low yield reflects the high solubility of the product.
The infrared spectrum confirmed the presence of bridging
hydride ligands and the absence of terminal hydrides. A broad
band attributed to »(Ni—H) is found at 1235 cm™. The solid-
state structure of 1 was determined by X-ray diffraction, and
two views are given in Figure 1.0l

Figure 1. Solid-state molecular structure of [(iPr;P)Ni]s

Hg (1) as deter-
mined by X-ray crystallography, shown with 50% probability ellipsoids.
Hydrogen atoms not attached to Ni are omitted for clarity. Selected

bond distances [A] and angles [°]: Ni(1)-Ni(2) 2.3988(4), Ni(1)-Ni(3)

2.4825(4), Ni(1)-Ni(4) 2.4033(4), Ni(1)-Ni(5) 2.4520(4), Ni(2)- N|(3)
2.4091(4), Ni(2)-Ni(5) 2.6308(4), Ni(3)-Ni(4) 2.6041(4 ) i(4)-Ni(5)
2.3888(4), Ni(1)-P(1) 2.1749(6), Ni(2)-P(2) 2.1652(6), Ni(3)-P(3)
2.1906(6), Ni(4)—P(4) 2.1500(6), Ni(5)-P(5) 2.1719(6).

Complex 1 consists of a distorted square pyramid of Ni
atoms, with the base atoms exhibiting marked differences in
the Ni-Ni distances (2.3891(4)-2.6310(4) A); the bond
lengths and angles associated with these distortions are
shown in Figure 2. The electron densities associated with
the six hydride ligands were located in a difference map, and
the hydride positions were refined. Each basal Ni-Ni edge is
spanned by a p,-hydride ligand. Hydrogen atoms H(4) and
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Figure 2. Framework of 1 with selected approximate bond lengths and
angles.
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H(6) are above the basal plane and H(3) and H(5) are below
the basal plane. Hydrides H(1) and H(2) cap faces of three
nickel atoms and are approximately trans-disposed. The
coordination environment of Ni(l) resembles a square-
planar trans-(iPr;P),Ni"H, moiety, in which one phosphine
donor is removed and the trans-(iPr;P)NiH, moiety caps the
(iPr;P),Ni H, basal plane. The shorter Ni-Ni distances of the
basal plane are bridged by a pair of hydride ligands,
reminiscent of the known dinuclear [L,Ni],(u-H), complexes
of Ni!, where L is a phosphine donor.”? A neutron diffraction
study would better determine the location of the hydrides,
and attempts are currently underway to produce suitably
sized crystals for such an experiment.

DFT calculations with model complexes bearing PMe;
donors deviated in geometry significantly from the exper-
imental results, thus calculations were performed using the
entire iPr;P-supported complex 1. These calculations repro-
duced the gross connectivity and geometry of 1 and also
provided support for the positioning of hydride ligands
suggested by the X-ray crystallographic data. Other hydrogen
locations provided modestly higher-energy local minima, the
nickel frameworks of which were not similar to 1.

Because of reactions with the solvent, which render the
NMR spectra of 1 more complicated, NMR spectra of 1 were
obtained in nondeuterated benzene. The 'H and
3P{'H} NMR spectra of diamagnetic 1 recorded at 25°C in
benzene are consistent with a rapid fluctional process that
exchanges the hydride and phosphine environments. The
"H NMR spectrum has a singlet at 6 = —26.5, attributed to the
hydrido ligands. The integrals are consistent with the for-
mulation [(PiPr;)Ni]sHs observed in the solid state. The
*'P{'H} NMR spectrum exhibits a singlet at § = 60.6. Variable-
temperature NMR spectra were recorded in toluene. Signifi-
cant broadening of resonances was not observed until 213 K.
Decoalescence was not observed for any resonance as low as
183 K. The *'P{'H} NMR chemical shift of 1 was temperature
dependent. The *'P chemical shift versus temperature could
be modeled with the presence of a thermally accessible
electronic triplet (S=1) state —2900 cm ' above the singlet
(S =0) ground state. The experimental *'P chemical shift data
and the modeled curve are shown in Figure 3. The model
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Figure 3. Plot of the *'P{"H} NMR chemical shifts versus temperature
for complex 1. The solid line is a fitted curve based on a model
assuming that 1 is a ground-state singlet (S=0) with a triplet state
(§=1) that is thermally accessible.
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predicts that 0.00025 % of the sample is in the triplet state at
298 K. The magnitude of the temperature-dependence
observed is only consistent with a paramagnetic isomer.
Above room temperature, the *'P{'H} NMR linewidth also
increases with increasing temperature, suggestive of a para-
magnetic excited state. The '"H NMR hydride chemical shift is
only modestly affected by temperature, which suggests
a smaller contact shift for the hydride nuclei relative to the
P nuclei, consistent with related reports of a temperature
dependence of hydride resonances in a Ni'-Ni"-Ni' trinuclear
hydride."”! Full details for the model are provided in the
Supporting Information.

The rapid fluxionality exhibited at all accessible temper-
atures renders an assignment of the solution structure of 1 in
benzene ambiguous; however, in [Dg]benzene H/D exchange
between the hydride ligands and the solvent allowed for the
assignment of the solution structure. By monitoring the
*'P{'H} NMR spectrum of 1 in [Dg]benzene, a reaction that
exchanges the hydride ligands for deuterium produced the
isotopologues [D;]-1, [D,]-1, [Ds]-1, [D,4]-1, [Ds]-1, and [Dg]-1,
as shown in Scheme 2. Under these conditions, deuterium

[(iPrgP)NisHsD  [D4]-1

+CgDs [(iPr3P)NilsH4Dy [Do]-1
_ _ —CeDsH  [(iPrsP)NilsHzDs [D3]-1
[(/PraP)NilsHg [(iPrsP)Ni]sH,Dy [Dg}-1
1 [(iPrsP)Ni]sHDs  [Ds-1
[(iPr3P)NilsDg  [Dg]-1
+H2
-HD
CeDs <7+—Dz> CoDe.,Hp
—HD
1
(catalytic)

Scheme 2. Room-temperature H/D exchange between complex 1 and
CyDs.

scrambling into the iPr;P ligands was not observed by
’H NMRspectroscopy. The observation of resonances for
each isotopologue indicates that the rapid fluctionality
observed by NMR spectroscopy cannot involve intramolec-
ular exchange of hydride or phosphine ligands from the
[(PiPr;)Ni]sHg framework on the NMR timescale, or else
unique signals for each isotopologue of 1 would not be
observed. The presence of seven isotopologues confirms that
1is a hexahydride of the likely composition [(PiPr;)Ni]sHs, as
determined from the solid-state structure. In the presence of
added H, or D, complex 1 can also be used to catalyze H/D
exchange, as shown on the bottom of Scheme 2; however, the
rate of this reaction at room temperature is currently too slow
to be practical for the large-scale deuteration of hydrocarbons
using D.,.

The reaction of 1 with [Dg]benzene at 298 K was
monitored by *'P{'H} NMR spectroscopy as shown on the
left side of Figure4. With each added deuteride, the
isotopologues of 1 have a change in chemical shift of about
—0.8 ppm at 298 K. Each spectrum was modeled using the
percent conversion of hydride to deuteride as the only fitted
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Figure 4. *'P{'H} spectra of a solution of 1 in C¢Ds, collected in the
time range from 5 to 85 minutes, showing the stepwise conversion
from [Dg]-1 to [Dg]-1. The modelled spectra are shown on the right.

parameter. The modeled spectra shown on the right-hand side
of Figure 4 were obtained by assuming a statistical distribu-
tion of hydride and deuteride amongst the isotopologues. The
conversion of hydride to deuteride follows first-order kinetics
under these conditions, with a half-life of 27 minutes, which
corresponds to a AG* value of activation of 22 kcalmol .

The 'H NMR spectrum of the reaction of 1 with C¢Dg
exhibits signals for the six hydride-containing isotopologues,
with an upfield shift of about 0.02 ppm from the replacement
of each hydride with deuteride. The signal separation is not
strongly temperature dependent, and thus a rapid equilibrium
between bridging hydride (u-H) and dihydrogen bonding (#*-
H,) is unlikely. Consistent with this, the spin-lattice relaxation
time constant (7;) for the hydride signal of 1 at 298 K was
147 ms, which is significantly greater than the 7) values
typically associated with dihydrogen complexes.

In conclusion, we have isolated a distorted-square pyr-
amidal nido cluster with a nickel core and six bridging
H ligands and five terminal phosphine groups. This complex
is electron deficient, with an electron count of 66, rather than
the 74 electrons expected for a square-pyramidal nido cluster
supported by strong-field ligands."!! The only closely related
hydride-rich clusters in the literature is the 68 electron
trigonal bipyramidal complex [Pt(PPhs/Bu,)]sHs, the reactivity
of which has not been reported."” Hydride-rich clusters not
stabilized by m-donor or m-acceptor ligands!"” are rare and
have been prepared almost exclusively with second- and
third-row transition metals such as Pt and Rh,™ with the
exception of some Cu complexes that feature only weak Cu-
Cu d'-d" interactions."™” Complex 1 is highly reactive, with
a low-lying thermally accessible triplet state, and provides
a rare example of H/D exchange with unactivated substrates
catalyzed by nickel; one other example of a trinuclear nickel
tetrahydride that facilitates H/D exchange has been reported,
but requires longer reaction times (24 h) and higher temper-
atures (60°C)."" Studies are under way to determine the
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mechanism and scope of H/D exchange using 1 and to
determine if the reactivity of this cluster can be used for
catalytic applications, such as C—H bond functionalization.

Received: July 25, 2012
Revised: September 26, 2012
Published online: October 19, 2012

Keywords: C—H activation - cluster compounds -
hydride ligands - nickel - NMR spectroscopy

[1] a)J. Wencel-Delord, T. Droege, F. Liu, F. Glorius, Chem. Soc.
Rev. 2011, 40, 4740-4761; b) Handbook of C-H Transforma-
tions, Vol. 1 -2 (Ed.: G. Dyker), Wiley-VCH, Weinheim, 2005,
pp- 1-688.

[2] a) M. E. Doster, J. A. Hatnean, T. Jeftic, S. Modi, S. A. Johnson,

J. Am. Chem. Soc. 2010, 132, 11923-11925; b) S. A. Johnson,

M. E. Doster, J. Matthews, M. Shoshani, M. Thibodeau, A.

Labadie, J. A. Hatnean, Dalton Trans. 2012, 41, 8135-8143.

a) S. A. Johnson, J. A. Hatnean, M. E. Doster, Prog. Inorg.

Chem. 2012, 57, 255-352; b) Y. Nakao, N. Kashihara, K.S.

Kanyiva, T. Hiyama, J. Am. Chem. Soc. 2008, 130,16170-16171;

c¢)J. A. Hatnean, R. Beck, J. D. Borrelli, S. A. Johnson, Organo-

metallics 2010, 29, 6077-6091; d) S. A. Johnson, C. W. Huff, F.

Mustafa, M. Saliba, J. Am. Chem. Soc. 2008, 130, 17278 -17280;

e)S. A. Johnson, N.M. Mroz, R.V. Valdizon, S. Murray,

Organometallics 2011, 30, 441 -457.

[4] J. I. van der Vlugt, Eur. J. Inorg. Chem. 2012, 363 -375.

[5] a) A.L.Keen, M. Doster, S. A. Johnson, J. Am. Chem. Soc. 2007,
129, 810-819; b) A. L. Keen, S. A. Johnson, J. Am. Chem. Soc.
2006, 128, 1806—-1807.

[6] E.L. Muetterties, M. J. Krause, Angew. Chem. 1983, 95, 135-
148; Angew. Chem. Int. Ed. 1983, 22, 135-148.

[7] R. Beck, S. A. Johnson, Organometallics 2012, 31, 3599 -36009.

[8] L. Farrugia, J. Appl. Crystallogr. 1999, 32, 837-838.

[9] a) B. L. Barnett, C. Krueger, Y.-H. Tsay, R. H. Summerville, R.
Hoffmann, Chem. Ber. 1977, 110, 3900-3909; b) M. D. Fryzuk,
G. K. B. Clentsmith, D. B. Leznoff, S. J. Rettig, S. J. Geib, Inorg.
Chim. Acta 1997, 265, 169-177; c) 1. Bach, R. Goddard, C.
Kopiske, K. Seevogel, K.-R. Porschke, Organometallics 1999, 18,
10-20; d) M. G. Crestani, M. Munoz-Hernandez, A. Arevalo,
A. Acosta-Ramirez, J. J. Garcia, J. Am. Chem. Soc. 2005, 127,
18066-18073; e) T. Li, J. J. Garcia, W. W. Brennessel, W. D.
Jones, Organometallics 2010, 29, 2430 -2445.

[10] S. Pfirrmann, C. Limberg, C. Herwig, C. Knispel, B. Braun, E.

Bill, R. Stoesser, J. Am. Chem. Soc. 2010, 132, 13684 -13691.
[11] T. P. Fehlner, J.-F. Halet, J.-Y. Saillard, Molecular Clusters: A
Bridge to Solid-State Chemistry, Cambridge University Press,
Cambridge, 2007.

[12] D. Gregson, J. A. K. Howard, M. Murray, J. L. Spencer, J. Chem.
Soc. Chem. Commun. 1981, 716-717.

[13] a) L. Chen, F. A. Cotton, W. T. Klooster, T. F. Koetzle, J. Am.
Chem. Soc. 1997, 119, 12175-12183; b) O. Tardif, M. Nishiura,
Z. Hou, Organometallics 2003, 22, 1171-1173; ¢) R. D. Adams,
M. P. Pompeo, W. Wu, Inorg. Chem. 1991, 30, 2899-2905;
d) J. M. Bemis, L. F. Dahl, J. Am. Chem. Soc. 1997, 119, 4545 -
4546; e) G. Siiss-Fink, L. Plasseraud, A. Maisse-Francois, H.
Stoeckli-Evans, H. Berke, T. Fox, R. Gautier, J.-Y. Saillard, J.
Organomet. Chem. 2000, 609, 196—203; f) S. Chan, W.-T. Wong,
J. Chem. Soc. Dalton Trans. 1995, 3987 -3994; g) H. Suzuki, T.
Kakigano, K.-i. Tada, M. Igarashi, K. Matsubara, A. Inagaki, M.
Oshima, T. Takao, Bull. Chem. Soc. Jpn. 2005, 78, 67—-87; h) J. P--
K. Lau, W.-T. Wong, Dalton Trans. 2005, 2579-2587; i) R. D.
Adams, B. Captain, Angew. Chem. 2005, 117, 2587-2589;
Angew. Chem. Int. Ed. 2005, 44, 2531-2533; j) D. F. Chodosh,

[3

—

www.angewandte.org

1755


http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1039/c1cs15083a
http://dx.doi.org/10.1021/ja105588v
http://dx.doi.org/10.1039/c2dt30310h
http://dx.doi.org/10.1021/ja807258m
http://dx.doi.org/10.1021/om1008499
http://dx.doi.org/10.1021/om1008499
http://dx.doi.org/10.1021/ja8081395
http://dx.doi.org/10.1021/om100699d
http://dx.doi.org/10.1002/ejic.201100752
http://dx.doi.org/10.1021/ja067112w
http://dx.doi.org/10.1021/ja067112w
http://dx.doi.org/10.1021/ja0572553
http://dx.doi.org/10.1021/ja0572553
http://dx.doi.org/10.1021/om300120x
http://dx.doi.org/10.1107/S0021889899006020
http://dx.doi.org/10.1002/cber.19771101221
http://dx.doi.org/10.1016/S0020-1693(97)05642-9
http://dx.doi.org/10.1016/S0020-1693(97)05642-9
http://dx.doi.org/10.1021/om980705y
http://dx.doi.org/10.1021/om980705y
http://dx.doi.org/10.1021/ja056000m
http://dx.doi.org/10.1021/ja056000m
http://dx.doi.org/10.1021/om100001m
http://dx.doi.org/10.1021/ja106266v
http://dx.doi.org/10.1039/c39810000716
http://dx.doi.org/10.1039/c39810000716
http://dx.doi.org/10.1021/ja972835o
http://dx.doi.org/10.1021/ja972835o
http://dx.doi.org/10.1021/om021014b
http://dx.doi.org/10.1021/ic00014a015
http://dx.doi.org/10.1021/ja970528c
http://dx.doi.org/10.1021/ja970528c
http://dx.doi.org/10.1039/dt9950003987
http://dx.doi.org/10.1246/bcsj.78.67
http://dx.doi.org/10.1039/b503833b
http://dx.doi.org/10.1002/ange.200500086
http://dx.doi.org/10.1002/anie.200500086
http://www.angewandte.org

Angewandte

(14]

11756 www.angewandte.org

Communications

R. H. Crabtree, H. Felkin, S. Morehouse, G. E. Morris, Inorg.
Chem. 1982, 21, 1307-1311; k)S.P. Smidt, A. Pfaltz, E.
Martinez-Viviente, P. S. Pregosin, A. Albinati, Organometallics
2003, 22, 1000-1009.

a) P. W. Frost, J. A. K. Howard, J. L. Spencer, D. G. Turner, J.
Chem. Soc. Chem. Commun. 1981, 1104—-1106; b) R. J. Good-
fellow, E. M. Hamon, J. A. K. Howard, J. L. Spencer, D. G.
Turner, J. Chem. Soc. Chem. Commun. 1984, 1604 -1606; c) S. K.
Brayshaw, A. Harrison, J. S. McIndoe, F. Marken, P. R. Raithby,
J. E. Warren, A. S. Weller, J. Am. Chem. Soc. 2007, 129, 1793 -
1804; d)S.K. Brayshaw, M.J. Ingleson, J.C. Green, J.S.

[15]

MclIndoe, P. R. Raithby, G. Kociok-Kohn, A.S. Weller, J. Am.
Chem. Soc. 2006, 128, 6247-6263; e)S. K. Brayshaw, M. J.
Ingleson, J. C. Green, P.R. Raithby, G. Kociok-Kohn, J.S.
MclIndoe, A.S. Weller, Angew. Chem. 2005, 117, 7035-7038;
Angew. Chem. Int. Ed. 2005, 44, 6875-6878; f) A. S. Weller, J. S.
Mclndoe, Eur. J. Inorg. Chem. 2007, 4411-4423; g) R. M. Hiney,
A. B. Chaplin, J. Harmer, J. C. Green, A. S. Weller, Dalton Trans.
2010, 39, 1726-1733; h) M. J. Ingleson, M. F. Mahon, P. R.
Raithby, A. S. Weller, J. Am. Chem. Soc. 2004, 126, 4784 —4785.
T. H. Lemmen, K. Folting, J. C. Huffman, K. G. Caulton, J. Am.
Chem. Soc. 1985, 107, 7774-17775.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 1175311756


http://dx.doi.org/10.1021/ic00134a005
http://dx.doi.org/10.1021/ic00134a005
http://dx.doi.org/10.1021/om020805a
http://dx.doi.org/10.1021/om020805a
http://dx.doi.org/10.1039/c39810001104
http://dx.doi.org/10.1039/c39810001104
http://dx.doi.org/10.1039/c39840001604
http://dx.doi.org/10.1021/ja066940m
http://dx.doi.org/10.1021/ja066940m
http://dx.doi.org/10.1021/ja0604663
http://dx.doi.org/10.1021/ja0604663
http://dx.doi.org/10.1002/ange.200502221
http://dx.doi.org/10.1002/anie.200502221
http://dx.doi.org/10.1002/ejic.200700661
http://dx.doi.org/10.1039/b919209c
http://dx.doi.org/10.1039/b919209c
http://dx.doi.org/10.1021/ja049402n
http://dx.doi.org/10.1021/ja00311a098
http://dx.doi.org/10.1021/ja00311a098
http://www.angewandte.org

