GDCh
=

Sandwich Complexes

Communications

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202211555
International Edition: ~ doi.org/10.1002/anie.202211555

German Edition: doi.org/10.1002/ange.202211555

Isolation and Characterization of the Homoleptic Nickel(I) and
Nickel(II) Bis-benzene Sandwich Cations
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Konstantin Hirsch, Vicente Zamudio-Bayer, J. Tobias Lau, and Ingo Krossing*

Abstract: A stable salt of the metalloradical
[Ni(C¢Hg),]* hitherto unknown in the condensed phase
was synthesized from [Ni(CO),]"[WCA] and benzene
([WCA] =[F[AI(OR");},]; RF=C(CF;),). Single crys-
tal XRD reveals a remarkable asymmetrically n’,n’-
slipped sandwich structure. The magnetic properties of
the [Ni(C4Hg),]™ cation were determined in solution and
in the gas phase. Oxidation with the synergistic Ag™/
0.51, system led to the salt [Ni(C,Hy),]* " ([WCA]),. All
products were fully characterized by means of IR,
Raman, NMR/EPR, single crystal and powder XRD. )

‘Vith the discovery of Cr(CsHg),, the first transition metal
(TM) sandwich complex of neutral arenes,'! a fascinating
field opened in 1955 that soon led to entries for most of the
early TMs in group 4 to 9 as well as the coinage metals Ag
and Cul® However, -cationic sandwich complexes
[M(C¢Hy),]"* with the prototypical benzene as ligand are
rarer and hitherto only structurally characterized for M=
VB Cr, Mo, Tc ) Re,™ Co,® Ru,”” and Ag." Almost all
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of these sandwich complexes exhibit a n’-coordination of the
benzene ligands to the metal. Only the Ag* complex shows
a n’-coordination. A similar observation was made by
Duncan et al. during a systematic investigation of the 3d
[M(C¢Hy),]* complexes by IR photodissociation spectro-
scopy in the gas phase and supported by DFT calculations.['!
Overall, n’-coordination is expected for the early 3d TMs,
whereas for the late TMs (Ni, Cu) a slipped sandwich
structure is anticipated.' To investigate these unusual late
TM slipped sandwich complexes, we focused on the isolation
and characterization of [Ni(C¢Hg),]™ in the gas and con-
densed phase.

Ni' complexes are still less common than their Ni’ or Ni"
analogues, especially ionic and monomeric ones.'*'*) How-
ever, the number of known Ni' compounds has rapidly
grown over the last decade due to their use in catalysis,'>'!
small molecule activation™ ™! and biological systems.!'>!
Yet, only few examples of Ni' complexes containing neutral
arenes  together with NHC/™  p-diketiminate,"”!
guanidinato,' and phosphine!” ligands and only one salt
[Ni(NO)Mes][PFg]®™ are known (Mes=1,3,5-Me;C¢H;). In
addition, earlier attempts to prepare [Ni(arene),|” salts by
reactions of excess arenes (C¢Hy, Mes, CoMeg) with
[Ni(cod),][AI(ORF),] only led to the 19 valence electron
(VE) complex salts [Ni(cod)(arene)]*[Al(OR"),] " and
homoleptic Ni' arene complexes were not accessible. By
contrast, they are well-known in the gas phase and were
studied by mass spectrometry'»?? and theoretical
investigations,™®"!  yielding IR  data'*  bond
dissociation™?! and ionization energies.***! Magnetic
measurements were hitherto not reported.

Turning to divalent homoleptic [Ni"(arene),]*" salts,
Fischer and Lindner reported 1968 on the isolation of
[Ni(CeMey),][PtX,] (X=CL,Br),’¥ but without structure.
Only one publication by Green et al.* from 2000 reports on
the isolation of an [Ni(C4Hg),]** salt in the condensed phase
by  reaction of nickelocene  with  [H(OEt,),]
[B(3,5-(CF;),C¢Hs),] (Brookhart’s acid) in benzene. How-
ever, upon closer inspection of the reported crystal struc-
ture, the [Ni(C4Hq),]*" cation contains exceptionally short
C—C bond lengths with values as low as 0.98(2) A, which
indicates that the cation may be disordered [Ni(CsHs),]*
instead (see Supporting Information section 6 for a detailed
discussion). Our attempts to reproduce the results by Green
et al. with a perfluoroalkoxy aluminate anion always yielded
a mixture of [Ni(CsHs)(CsHg)][AI(ORF),] and [Ni(CsHs),]-
[AI(ORF),] (Supporting Information section 6.1). Hence, it
appeared interesting to revisit the [Ni(C4H),]*" cation using
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a different route. Here, we report on the synthesis and
characterization of the homoleptic Ni' and Ni" benzene
cations [Ni(C¢Hg),]"?" in the condensed phase and the
measurements of the isolated [Ni(C¢Hg),] " cation in the gas
phase (X-ray magnetic circular dichroism spectroscopy
(XMCD) and X-ray absorption spectroscopy (XAS)).

For the synthesis of other Ni' complexes, the recently
reported [Ni(CO),][F{|AI(ORF),},]® is an excellent starting
material, as the CO ligands can be displaced rather easily. In
agreement, the calculated energetics for the formation of
gaseous [Ni(C¢Hq),]* amount to ARG°/AgH°=-59/
+26kJmol™! at the DLPNO-CCSD(T)/def2-QZVPP//
B3LYP(D3BJ)/def2-TZVPP level of theory. Hence,
[Ni(C¢Hy),][F{AI(ORF);},] 1a was prepared by addition of
an excess of benzene to a solution of [Ni(CO),][F{Al-
(ORM)3},] in 1,2,34-tetrafluorobenzene (4FB) and slow
removal of the solvent under reduced pressure [Eq. (1)]. By
vapor diffusion of n-pentane into a 4FB/benzene solution,
light yellow crystals of 1a were obtained (crystalline yield:
61 %). Note that for the clean synthesis of [Ni(CO),]™ and
[Ni(C¢Hg),] ", the use of the stable and very weakly
coordinating anion [F{AI(OR");},]" ™! is essential. Although
the corresponding [Ni(CsHy),][AI(ORF),] 1b can be ob-
tained by the same procedure with the less stable [Al-
(OR"),]” anion,” this is always accompanied by partial
decomposition of the anion (Supporting Information sec-
tion 4.2). On one occasion, orange crystals of the decom-
position product
[Ni(C¢He),][Ni,(OR"),{F,Al(OR"),}{FAI(OR");},] 1e¢ were
obtained. With the strong synergistic Ag*/0.5 1, system,*”*!
which was necessary for the synthesis of the carbonyl radical
cations [Ni(CO),]*P* and [M(CO)s]* (M=Mo,W),*! 1a
was further oxidized in 4FB to [Ni(C4Hj),][F{AI(ORF),},], 2
[Eq. )]

[Ni(CO),]* +2 CgHg/—4 CO  [Ni(CgHe)2]"
WCA]~ 4FB WCA]- 1a
[ ] AG* (g = =59 kJ/mol [ ] @)

AH? (g = +26 kJimol

[WCAT™ = [F{AI(OR )3}l

[Ni(CgHg)2l" +Ag[WCA] +0.5 1, [Ni(CeHe)2l** 2)
—_—
[WCA” 1a  —Agl/4FB (IWCA]), 2

Yellow crystals of 2 were obtained by vapor diffusion of
n-pentane into the reaction solution (crystalline yield: 40 %).
Although 2 can be obtained by oxidation of 1a with Ag™*
without the addition of I,, these reactions always yielded
significant amounts of [Ag(C¢Hy),][F{AI(ORF),},] 3 as a side
product. 3 was also intentionally produced by addition of
benzene to Ag[F{AI(ORF),},] in 4FB and used as reference
to determine the effective magnetic moment of 1a and 2 in
solution. 1a, 2 and 3 were fully characterized by means of
single crystal XRD, NMR/EPR, IR, Raman, and bulk purity
was proven with powder XRD (Supporting Information).
All obtained compounds are sensitive to moisture and air
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but are stable at room temperature for multiple days without
noticeable decomposition.

The molecular structure of the cation in 1a is displayed
in Figure 1a."? The nickel atom in 1a is remarkably asym-
metrically coordinated by the two benzene ligands. The
three shortest Ni—C bond lengths of the n*-bound benzene
ligand vary between 2.152(4) A and 2.362(3) A, whereas the
other three Ni—C distances are significantly longer and range
from 2.681(4) A to 2.914(3) A. By contrast, the Ni—C
distances of the second n’-bound benzene ligand are more
evenly distributed between 2.133(4) A and 2.418(3) A,
resulting in the n’m°’-slipped sandwich structure of the
cation. Similar cation structures were observed for 1b and
1c¢, although the individual bond lengths vary (see Support-
ing Information section 5.1, Table S3 and S4). The variation
in bond lengths and the partial (17 %) disorder of the nickel
atom in the plane between the benzenes in 1a (Figure S14)
demonstrates that the structure exhibits some flexibility.
The flat potential energy hypersurface with respect to the
torsion of the benzene ligands also represents a challenge
for any geometry optimization in DFT calculations. Depend-
ing on the employed DFT functional, different minimum
structures of the [Ni(C¢Hg),]" cation were found. With the
B3LYP functional, Hase et al.” obtained a n’n*slipped
sandwich structure, although also a n’n’structure was
reported with the B3LYP!? or M11LPY functional. A
n’n’-structure was predicted by Duncan etal. with the
BPW91-D2 method, which they verified by comparison with
experimental gas phase IR data in the C—H region.”’>*! To
compare the different structures, we performed single point
DLPNO-CCSD(T)/def2-QZVPP calculations on the mini-
mum structures obtained using four DFT functionals (BP86,
B3LYP, pbeh-3c and TPSSh). The energetically lowest
optimized structure was the n’n’-structure obtained with the
TPSSh functional, which matches the experimental structure
and bond lengths well (Supporting Information section 13).

Additional experimental evidence for an asymmetric
sandwich structure of the free, cryogenically cooled cation
[Ni(C¢Hg),]* (g) was obtained from the comparison of
measured and simulated carbon K-edge X-ray absorption
spectra (Supporting Information, section 7). While no agree-
ment is observed for the n’mn’-structure, the comparison
shows good agreement with simulated spectra of asymmetric
structures with reduced hapticity.

Furthermore, the gas-phase effective magnetic moment
of 2.3240.10 pg for the free cation, [Ni(C¢Hy),] " (g), from
X-ray magnetic circular dichroism spectroscopy (XMCD) in
a cryogenic ion trap (see Supporting Information section 8),
is larger than the spin-only value of the expected doublet
state of p,, =1.73 ug due to a considerable orbital magnetic
moment contribution. A separate determination of the spin
and orbital magnetic moments of [Ni(C¢Hg),]™ (g), as
possible by XMCD,*!! reveals a considerable orbital contri-
bution to p.; of 0.59+0.10 pg. The orbital contribution to
the magnetic moments is also persistent in the condensed
phase. In solution, a slightly lower effective magnetic
moment compared to the gas-phase of 2.024+0.05 ug was
determined for 1a in 4FB using Evans NMR method
(Supporting Information section 9).[%*!
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Figure 1. a) Top and side view of the [Ni(C¢Hg),]* cation in the crystal structure of 1a (P1, R,=4.9%, wR,=10.3 %, disorder of the nickel atom not
shown) . b) Top and side view of the [Ni(CsHq),]*" dication in the crystal structure of 2 (PT, R, =4.2%, wR,=11.0%). Thermal ellipsoids are
shown at the 50% probability level.*” c) Measured and simulated X-band continuous wave EPR spectrum of solid Ta at 100 K. The feature marked
with an asterisk may be caused by a potential unknown impurity. The g-tensor obtained by numerical simulation of the experimental spectrum is
shown together with calculated values and the calculated spin density (cutoff: 0.02 a.u., B3LYP/EPR-11(6-31G* for Ni)). d) Cyclic voltammogram
(100 mVs™) of Ta (10 mM) in 4FB with an external Fc[AI(ORF),]/Fc (10 mM) reference electrode and [NBu,][AI(OR"),] (100 mM) as conducting

salt (see Supporting Information section 10).

The X-band continuous wave EPR spectrum of solid 1a
at 100 K (Figure 1c) shows a rhombic g-tensor of g=(2.066,
2.076, 2.587), which qualitatively agrees with the calculated
values of g=(2.120, 2.184, 2.533) (@B3LYP/EPR-II (6-31G*
for Ni)). The calculated spin density is mainly located at the
nickel atom and only to a very minor extent on the n’-bound
benzene ligand.

In addition to the vibrational bands in the C—H region,
two other bands at 1469 cm™'™ and 732 cm™'[') where
observed in the gas phase IR spectrum of the [Ni(CsHg),]*
cation by Duncan et al. and assigned to the in-plane carbon
ring distortion and out-of-plane C—H bend, respectively.!"!
In the IR spectrum of 1a (Figure S39), only one vibrational
band of the cation at 1463 cm™ was observed, as the other
one overlaps with an anion band at 727 cm™'. The bands in
the C—H region were not observed, probably due to their
low intensity as supported by DFT calculations (Figure S39).
However, C—H vibrational bands were observed in the
Raman spectrum of la (Figure S40) at 3108 cm™ and
3066 cm™' together with the symmetrical ring breathing
mode at 978 cm ..

The cyclic voltammogram of 1a in 4FB (Figure 1d)
reveals one irreversible reduction of [Ni(C¢Hg),]™ to
[Ni(C4Hg),]° with an cathodic peak potential of 0.39 V vs.
Fc*/Fc and one reversible redox process with a half wave
potential of 1.19 V vs. Fc*/Fc, which can be assigned to the
[Ni(CgHy),]*"/[Ni(C¢Hg),] " couple. The neutral [Ni(CsHg),]°
is not stable under these conditions at RT and subsequent
decomposition to elemental nickel occurs, which was

Angew. Chem. Int. Ed. 2022, 61, €202211555 (3 of 5)

observed as a black solid on the platinum disc working
electrode after the measurement.

Chemical oxidation of 1a with the Ag*/0.5 1, system,"**!
as described above, yields the [Ni(C4Hg),]*" dication. The
dication has 20 VE, a triplet ground state and is isoelectronic
to the earlier reported [Co(CgHy),]*.¥! The crystal structure
of the dication in 2 is shown in Figure 1b and displays an
ecliptic n°,;n’-sandwich structure with Ni—C bond lengths in
the narrow range of 2.248(2) A to 2.269(2) A.*" Similar to
the monocation, the [Ni(C¢Hg),]*" dication shows a flat
potential energy hypersurface at the B3LYP(D3BJ)/def2-
TZVPP level of theory in respect to the torsion of the
benzene ligands and we found both an ecliptic 1°n°-
sandwich structure (torsion angle 0°) and a staggered n°mn’-
sandwich structure (29°) as local minima with very similar
energies (Supporting Information section 13).

The in-plane carbon ring distortion mode in the IR
spectrum of 2 at 1466 cm™ (Figure S43) and the symmetric
ring breathing mode in the Raman spectrum at 983 cm™
(Figure S44) are only blue-shifted by 3cm™ and 5cm™
compared to 1a. No C—H bands could be observed in the IR
spectrum of 2, which is probably caused by their low
intensity as they were also very weak in the IR spectrum of
[Co(CgHy),][A1(ORF),].®! The effective magnetic moment of
2 in 4FB determined with Evans method**! amounts to
2.76£0.04 pg, which agrees with the spin-only expectation
value (2.83 pg) of the triplet ground state of 2 (Supporting
Information section 9).

1
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To conclude, the [Ni(CO),]" in combination with the
stable [F{AI(ORF),},]” anion proved as an excellent starting
material for the synthesis of novel ionic Ni' compounds in
the condensed phase. This method should likely be trans-
ferable to other weak ligands for potential application in Ni'
catalysis. As a textbook example, the synthesis of the
[Ni(C¢Hg),] ™ cation is described, which displays a remark-
able asymmetric n’,n’-slipped sandwich structure. Addition-
ally, the 20VE [Ni(C¢Hg),]*" dication is accessible by
oxidation with the synergistic Ag*/0.5 1, system.
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