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A Carbene-Rich but Carbonyl-Poor [Ir,(IMe);(CO),H,,]*" Polyhydride
Cluster as a Deactivation Product from Catalytic Glycerol

Dehydrogenation™**

Jestis Campos,* Liam S. Sharninghausen, Robert H. Crabtree,* and David Balcells*

Abstract: The title cluster, a deactivation product in the
catalytic dehydrogenation of glycerol, was characterized by
XRD, DFT calculations, HRMS, FTIR spectroscopy, and
NMR spectroscopy. Experimental/computational studies
located the 14 H ligands, and all '"H and “C{'H} NMR
resonances were assigned. The structure contains an unprece-
dented IrgH,, core with two CO and eight IMe ligands.

Low-valent metal clusters are dominated by metal carbonyl
clusters. Clusters with few CO ligands are much rarer.
Catalyst deactivation can form new clusters, whose structures
can suggest preventive measures."! Our previously reported
H-transfer catalyst,””! [Ir(cod)(IMe),]BF, (1; IMe = 1,3-dime-
thylimidazol-2-ylidene), catalyzes glycerol conversion into
lactic acid [Eq. (1)].”! The title cluster, a deactivation product
in Equation (1) and formed without external H,, has an
unusual structure, which was assigned computationally.
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The hydride region of the "H NMR spectra obtained after
the deactivation of 1 was complicated.” After 40 h at 120°C
in glycerol/H,O (1:1) with KOH (30 equiv with respect to 1),

[*] J. Campos, L. S. Sharninghausen, Prof. R. H. Crabtree
Department of Chemistry, Yale University
225 Prospect Street, New Haven, Connecticut 06520 (USA)
E-mail: jesus.camposmanzano@yale.edu

robert.crabtree@yale.edu

Dr. D. Balcells
Department of Chemistry, University of Oslo, Centre of Excellence in
Theoretical and Computational Chemistry (CTCC)
N-0315 Oslo (Norway)
E-mail: david.balcells@kjemi.uio.no

*] This research was supported by the CCHF, an EFRC funded by the
US Dok, Office of Science, Office of Basic Energy Sciences, under
DE-SC0001298 (R.H.C. and ).C., synthesis), and by their catalysis
award (L.S.S., J.C., DE-FG02-84ER13297, characterization). D.B.
acknowledges support from the Norwegian Research Council
through the Center of Excellence for Theoretical and Computational
Chemistry (CTCC; Grant No. 179568V30) and the Norwegian
Metacenter for Computational Science (NOTUR; Grant nn4654k).
D.B. also thanks the EU REA for a Marie Curie Fellowship (Grant
CompuWOC/618303).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201407997.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. ORTEP diagram of the cationic portion of compound 2.
Thermal ellipsoids are shown at 50%. Hydrogen atoms, two BAr:
counterions, and a pentane solvent molecule have been omitted for
clarity. The metal hydrides were not located in the Fourier map.

complex 2 was isolated. Only BArz (BAry=B{3,5-C;H;-
(CF;),}47) gave suitable crystals of cluster 2 (Figure 1) after
extraction with CH,Cl,, concentration, and layering with
pentane at —20°C for 24 h.

Complex 2 contains two Ir(CO) groups, which give rise to
FTIR bands at 1950 and 1965 cm™'. These CO ligands must
come from the decarbonylation of glyceraldehyde. The
geometry of 2 is a “bow tie” or edge-sharing bitetrahedron,
previously unreported for Ir complexes, other than in a Au-Ir
cluster.” In spite of its high-temperature formation,® it
retains 14 H ligands (according to '"H NMR spectroscopic
data and DFT calculations). The hydride content was
confirmed by high-resolution MS (FTICR; Figure 2): {m/z =
996.2123 (z =+ 2)} had the expected isotopic distribution and
exhibited a continuous mass increment of 0.5 consistent with
an overall charge of +2. The high N-heterocyclic-carbene
(NHC) content is surprising, since reductive elimination of
the imidazolium salt might have been expected.’'!! Previ-
ously reported Ru and Os clusters typically have only 1-2
NHC ligands per cluster;¥ attempts to incorporate more
than two such ligands failed.'*+'>1¢ Cluster formation from
mononuclear metal-NHC precursors is unknown, but this
cluster contains a record number of NHC ligands. The
unhindered NHC ligand, with only NMe groups, probably
facilitates the binding of multiple ligands.
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Figure 2. A) Experimental and B) calculated HRMS (FTICR) spectra of cation 2 ([Irs(IMe)g(CO),H,4*").

Originally, NMR spectroscopic data for 2 was unavailable
because of its low yield (< 1 %; see Table S1 in the Supporting
Information), but its formation was enhanced by combining
[Ir(IMe)(cod)Cl] or [{Ir(cod)(u-Cl)},] with [Ir(cod)-
(IMe),]BF,. Weller and co-workers described a similar cluster
synthesis from “naked” Rh and a Rh precursor.!'”! Screening
(see Table S1) identified the best reaction conditions for the
formation of 2: The use of [Ir(IMe)(cod)Cl] raised the yield of
2 to approximately 12 %, with 2 and [Ir(IMe)(cod)Cl] present
in a 1:1 ratio.

"H and “C{'H} NMR spectroscopic data for 2 showed 7 H
resonances between —16 and —20 ppm; these signals were
assigned to 14 H ligands. T relaxation data from 233 to 333 K
gave T,;(min) =300-380 ms (see Figure S12 in the Supporting
Information) and thus pointed to all-classical hydride
ligands.'1”! These atoms could not be located by XRD, but
only by DFT calculations®*?!! at the wB97xd/LANLTZ*,6-
311G** level (see the Supporting Information). The wB97xd
hybrid functional® gave the best results when benchmarked
against other functionals with the XRD structure of a related
Ir cluster™ (see Figure S13 and Table S4). The H positions
were guessed from simple “textbook” rules. Full geometry
optimization converged to the structure in Figure 3, with 10
bridging and 4 terminal H ligands, fully consistent with the
'"HNMR spectra and XRD data: Maximum and average
(RMSD) deviations were 0.024 and 0.011 A (Table 1; see also
Figure S19).

The M—H distances are shorter for the terminal «'-H
(1.583 and 1.589 A) than for the bridging p?-H ligands (1.691—
1.808 A see Table S5). The NBO6/**! natural charges on these
H atoms (see Figure S14), range from —0.07 to —0.20. The u’*-
H ligands, 11 and 16 (Figure 3), link the four peripheral Ir™
units (1, 3, 4, and 6). The other 8 p>-H ligands connect the Ir—
Ir o-bonded It centers (2 and 5), consistent with the
diamagnetism and the short Ir2-Ir5 distance (XRD:
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Figure 3. DFT-optimized geometry of 2 (top; hydrogen atoms removed
for clarity) and its IrgH,, core (bottom).

2.691 A, DFT: 2.695 A). Furthermore, both the HOMO and
the associated NBO contain an in-phase combination of the
two metal d,. orbitals (see Figure S15). Noncovalent ligand-
ligand and ligand-metal core interactions were mapped with
the NCIPLOT approach (see Figure $16).>2! 'H and *C 1D
and 2D NMR spectroscopic analysis showed that the inver-
sion center at the Ir—Ir o bond of 2 is maintained in solution.
Thus, the 8 NHC ligands give four sets of signals, whereas the
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Table 1: Interatomic distances in 2 as determined by X-ray diffraction
and DFT calculations.”!

X-ray diffraction DFT(wB97xd)
Ir1—1r36< 4.2595(6) 4.262
Ir1—lrgt 3.0019(3) 3.001
Ir2—Ir5®! 2.6908(5) 2.695
Ir1—1r2te 2.9296(3) 2.935
Ir2—1r3tA 2.9426(4) 2.939
Ir2—Ir4e] 2.9492(3) 2.946
Ir2—lrgH 2.9076(4) 2.915
11— 2.007(6) 2.027
11—l 2.010(6) 2.027
Ir3—ClH 2.014(6) 2.013
Ir3—C® 2.043(6) 2.019
RMSDI™ 0.011
maximum deviation!” 0.024

[a] See Figure 3 for atom labels. [b] Interatomic distances in A. [c] Ir1—
Ir3 =1r4—1Ir6. [d] Ir1—Ir6 =Ir3—Ir4. [e] Ir1—Ir2 = Ir4—Ir5. [f] Ir2—1r3 = Ir5—
Ir6. [g] Ir2—Ird=Ir1—Ir5. [h] Ir2—1r6 = Ir3—Ir5. [i] IN—C=Ir4—C. [j] Ir1—
C'=Ir4—C'. [k] Ir3—C=1r6—C. [|] Ir3—C'=1r6—C". [m] Root-mean-square
deviation in A. [n] The maximum deviation is given in A.

14 H ligands give seven signals (see the Supporting Informa-
tion). First, the 'H and “C{'H} NMR signals due to the NHC
ligands were separated into four groups on the basis of 2D
HSQC, HMBC, and NOESY data (see Figure S6). In each
group, we observed two aromatic NHC 'HNMR peaks
between 6.4 and 7.1 ppm (d, *Jyy; ~ 2 Hz), with “C{'H} signals
between 119 and 122 ppm. Two NMe singlets between 2.5 and
4.0 ppm were observed for each pair of equivalent NHC
ligands, with corresponding *C{'H} resonances at 3846 ppm,
thus highlighting the hindered rotation around the Ir—C
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Figure 5. "H NMR hydride resonances and their color-coded assign-
ment.

bonds. '*C{'H} resonances at approximately 150 ppm were
assigned to four independent carbene carbon atoms. NOE
cross-peaks were traced for the
seven MH resonances. M—H/NMe
interactions gave 18 intense and 7
weaker NOE signals (Figure 4).
The concordant XRD and DFT
structures (Table 1) rationalized
the NOESY spectrum on the basis
of the DFT H--H distances
between MH and NMe hydrogen
atoms. Only one of the possible

assignments was consistent with all
r19.5 the 2D NMR and DFT data (see
(5 ¢ . the Supporting Information). We
could then unequivocally assign all
~18.5 'H and “C{'H} NMR resonances,
. including those of the 14 H ligands
-18.0 £ .

§ (Figure 5). As far as we are aware,
) 175 = the full assignment of the NMR
15) 0 0 spectroscopic data for such a big
é : cluster has not been possible pre-
L 16.5 viously without a theoretical simu-

e 0 lation.
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Figure 4. Selected region of the 2D NOESY spectrum of 2 exhibiting the interaction between the

metal hydrides (y axis) and methyl wingtips (x axis).
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of 2 (see Figure S11) showed that
one pair of NHC ligands (blue in
Figure 5) can rotate in spite of the
bulky ligand sphere (Figure 6) with
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Figure 6. Space-filling representations of 2 ([Irs(IMe)s(CO),H,,]*").

a rate constant of 0.93s™' (25°C) and AG¥ =175+
0.5 kcalmol ', in agreement with the DFT(wB97xd) barrier
of 19.0 kcalmol™" for rotation by 60° (see Figure S18). As
expected, no H/D isotopic exchange occurred in the presence
of CD;0OD or D, even after several days at 50°C.

In summary, a new Ir4 cluster was formed in the catalytic
conversion of glycerol into lactic acid. Prior iridium hydride
clusters have been formed with H,, but in this case we can
omit H, because the H atoms come from glycerol. The
structure of 2 is also significant because it: 1) is the first Ir,
polyhydride; 2) is the first “bow-tie” all-Ir structure; 3) is the
first high-nuclearity Ir compound with NHC ligands; 4) is the
only metal cluster with more than two NHC ligands, and
establishes a new synthesis of NHC-rich metal clusters, whose
properties remain to be established.
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