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Mononuclear Chromium Hydrides

A Pair of Remarkably Stable Mononuclear
Chromium(11)) and Chromium(v) Hydrides**

Alexander C. Filippou,* Sven Schneider, and
Gregor Schnakenburg

Dedicated to Prof. E. O. Fischer
on the occasion of his 85th birthday

The coordination and organometallic chemistry of
chromium(iv) is much less developed than that of chromium
in the oxidation states +11, +111, and + VL[ This can be
traced back to the high oxidation potential of chromium(v)
complexes and their pronounced tendency to undergo
valence disproportionation and reductive elimination reac-
tions.” Therefore, it is not surprising that only very few
reports have appeared on chromium(v) and chromium(iir)
hydrides, which are suggested to be thermodynamically
unstable and quite reactive compounds. In fact, CrH, remains
elusive and its tetrahedral *A, ground-state structure was
calculated to lie 38.5 kcalmol™! higher in energy than that of
the dihydrogen complex isomer [CrH,(n>-H,)] CA,) at the
CCSD/TZP level of theory.®#! Similarly, [Cr'VH(O)(OH)],
which was generated upon photolysis of matrix-isolated
[CrO,(n*-H,)], was calculated to rearrange exothermally to
its tautomer [Cr'(OH),] (AE = —22.4 kcalmol™', B3LYP/6-
3114+ G(d,p)),”! and pyramidal CrH; (*A,) is 20.5 kcal-
mol " less stable than [CrH(n*-H,)](°A,) at the B3PW91/6-
3114+ G(d,p)/SDD level of theory.*® To date, mononu-
clear chromium(ii) hydrides are unknown!”! and only two
chromium(v) hydrides, [CrH,(dmpe),] (dmpe =
Me,PCH,CH,PMe,)"®! and the ansa-chromocene derivative
[CrH{C,Me,(1’*-CsH,)(n*-CsH;B(CFs)3)}(CO)]® have been
isolated and structurally characterized. We report herein the
synthesis, characterization, and theoretical calculations of
mononuclear chromium(iir) and chromium(tv) hydrides sta-
bilized by a triamidoamine ligand.

Treatment of [Cr(N;N)] ((N;N)* "=
{(Me;SiNCH,CH,);N}*") ()" with Li[BEt;H] or sBuLi in
THF affords the hydridochromate(uir) [Li(thf)Cr(N;N)H] (2)
in 70 and 72% yields, respectively (Scheme 1).!""! Previous
attempts to prepare chromium(iir) hydrides by means of
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Scheme 1. Syntheses of the chromium hydrides 2 and 4 (TMS =SiMe;;
all reactions were started at low temperature and then warmed slowly
to ambient temperature unless otherwise noted). a) Li[BEt;H] in THF;
b) sBuLi in THF; c) AgCl in THF; d) sBuLi (2.1 equiv) in THF; e) AgBr
in THF; f) Na[BEt;H] in toluene; g) H, in THF at 65°C.

hydride-transfer reagents were unsuccessful due to reduc-
tion."” Addition of sBuLi to 1 is suggested to give the
alkylchromate “[Li(thf)Cr(N;N)sBu]”, which rapidly under-
goes P-hydride elimination of butene to afford 2. Indirect
evidence for the intervention of “[Li(thf)Cr(N;N)sBu]” is
given by the selective formation of stable alkylchromate(iir)
complexes [Li(thf)Cr(N;N)R] (R=Me, CH,SiMe;) from 1
and LiR, when the R group lacks p-hydrogen atoms.'! The
hydridochromate 2 can be also prepared in 46 % yield by the
reaction of [Cr(N;N)CI] (3) with 2.1 equiv of sBuLi in THF
(Scheme 1). Complex 2 was isolated after crystallization from
pentane as green-black, highly air-sensitive needles, which
melt without decomposition at 114-115°C. In solution, it is
instantaneously oxidized by air to give the chromium(v)
hydride [Cr(N;N)H] (4). Two efficient methods were
employed for the synthesis of 4; these are the metathetical
exchange of [Cr(N;N)CI] (3) with Na[BEt;H] in toluene and
the oxidation of 2 with AgBr in THF to afford 4 in 64 and
78 % yield, respectively (Scheme 1). Taking advantage of the
latter reaction, a one-pot synthesis of 4 from [Cr(N;N)] (1)
was developed, which involves addition of Na[BEt;H] in THF
followed by oxidation with AgBr (49 % yield). Complex 4 can
be also directly obtained from 1 upon hydrogenation with H,
(2.5bar) in THF at 65°C. This reaction provides the first
example for an oxidative addition of H, to a chromium(iir)
center.'¥ The chromium(iv) hydride 4 is a brick-red, water-
sensitive solid of remarkable thermal stability, which melts at
95-98°C and can be sublimed without decomposition under
vacuum (~ 107! mbar) at 80-90°C."* Tt does not react with
ethylene (1 bar) in toluene at 60°C and is quite resistant to
oxidation by pure oxygen in pentane solution at ambient
temperature.

Complexes 2 and 4 have been fully characterized."!! The
IR spectra of 2 and 4 (in nujol) display a characteristic
absorption band for the Cr—H stretching vibration at 1657 and
1712 cm™!, respectively.'® The effective magnetic moments of
2 (39 ) and of 4 (2.9 yg) in benzene solution at room
temperature compare well with the spin-only p.; values
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expected for high-spin d® (3.87 ug) and d* (2.83 ug) metal
complexes, respectively. Consequently, the 'H and “C{'H}
NMR spectra of 2 and 4 display at room temperature very
broadened and shifted signals for the trimethylsilyl and
backbone methylene protons of the triamidoamine ligand."”
The number and relative intensities of the signals indicate
threefold symmetry of complex 4 in solution. The NMR
spectra of 2 in C,D¢ and [Dg]THF are consistent with the
presence of intact pseudo C, symmetric ion-pairs in solution,
as found in the solid state by X-ray diffraction. The molecular
structures of 2 and 4 were determined by single-crystal X-ray
diffraction (Figures 1 and 2)."®! Both five-coordinate com-

Figure 1. Diamond plot of the molecular structure of 2 with thermal
ellipsoids set at the 50% probability level. Hydrogen atoms are omit-
ted for clarity except that bonded to the chromium atom. Selected
bond lengths [A] and bond angles [°]: Cr-H 1.58(2), Cr-N1 1.933(2), Cr-
N2 2.039(2), Cr-N3 2.069(2), Cr-N4 2.138(2), Li-N2 1.999(4), Li-N3
2.006(4), Li-O 1.905(4); H-Cr-N4 177.3(8), N1-Cr-N4 84.20(7), N2-Cr-
N4 84.15(7), N3-Cr-N4 82.56(6), N1-Cr-N2 125.62(8), N1-Cr-N3
136.33(7), N2-Cr-N3 94.10(7), Cr-N2-Li 81.6(1), Cr-N3-Li 80.7(1), N2-
Li-N3 97.3(2), O-Li-N2 129.6(2), O-Li-N3 130.4(2).

Figure 2. Diamond plot of the molecular structure of 4 with thermal
ellipsoids set at the 50% probability level. Hydrogen atoms are omit-
ted for clarity except that bonded to the chromium atom. Selected
bond lengths [A] and bond angles [°]: Cr-H 1.56(3), Cr-N1 1.875(2), Cr-
N2 1.858(2), Cr-N3 1.860(2), Cr-N4 2.140(2); H-Cr-N4 175.8(9), N1-Cr-
N4 83.70(8), N2-Cr-N4 84.87(8), N3-Cr-N4 84.54(8), N1-Cr-N2
117.53(8), N1-Cr-N3 121.08(8), N2-Cr-N3 118.53(8).
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plexes exhibit distorted trigonal-bipyramidal geometry, with
the bridgehead amine nitrogen atom N4 of the tetradentate
N;N ligand and the hydrido ligand occupying the axial
positions (2: N4-Cr-H 177.3(8)°; 4: N4-Cr-H 175.8(9)°). The
observed coordination geometry is uncommon for Cr™ and
Cr'" complexes.!”) The chromium atom is displaced from the
equatorial plane of the three amide nitrogen atoms N1-N3 by
0.22 (2) and 0.183 A (4) towards the hydrido ligand, which
could be located on the difference Fourier map at a distance
of 1.58(2) A (2) and 1.56(3) A (4) from the chromium center.
The Cr—H bond lengths of 2 and 4 compare well with those of
[CrH,(dmpe),] (1.53(3)-1.60(3) A).®1 In complex2, two
amide nitrogen atoms are bonded to the lithium center to
form a puckered Cr-N2-Li-N3 ring with a hinge angle of 28.3°.
The almost trigonal-planar coordination sphere of the lithium
center (sum of bond angles at Li =357.3°) is completed by one
THF molecule. The Li—N, .4, (1.999(4) and 2.006(3) A) and
Li—O bond lengths (1.905(4) A) of 2 are close to those found
in  [Li;(N;N)(thf),]  ((Li-N),, 1.964(6) A;  (Li~O),,
1.938(5) A).”! Coordination of the nitrogen atoms N2 and
N3 to Li reduces the local symmetry of the CrN;N core in 2
from C; to roughly C, thus lifting the degeneracy of the metal
d,, and d,._,. orbitals (see below). This is accompanied by a
pyramidalization of the bridging amido groups, a reduction of
the N2-Cr-N3 angle to 94.10(7)° (compared with N1-Cr-N2
125.62(8)°, N1-Cr-N3 136.33(7)°), and an elongation of the
bridging Cr—N,.¢ bonds (Cr—N2 2.039(2) A, Cr—N3
2.069(2) A) relative to the terminal Cr—N, 4, bond (Cr—N1
1.933(2) A; sum of angles at N1=359.8°). In comparison,
complex 4 features roughly C; symmetry, reminiscent of the
structures of [Cr(N;N)X] (X=Cl, Br, CN).?!” The amido
groups are planar, all N,;4,-Cr-N, .4, angles are close to 120°,
and the Cr—N,,,4, bonds ((Cr—N),, 1.864 A) of 4 are shorter
than that of 2 suggesting, in agreement with the theoretical
studies, a stronger (Nmido)erminal — CT 7T-€lectron donation in 4
than in 2. The Cr—N,;.. bond lengths of 2 (2.138(2) A) and 4
(2.140(2) A) are considerably longer than that of [Cr(N;N)Cl]
(2.043(3) A),>'% which indicates the strong frans influence of
the hydrido ligand.

Complexes 2 and 4 were calculated at different levels of
theory ((RI)-BP86, B3LYP) with different basis sets (TZVPP,
TZVP, LANL2DZ, 6-311G(d,p)).""! The geometrical param-
eters of the optimized structures are in good agreement with
the experimental values. Both molecules adopt a high-spin
ground-state  configuration (AEyg;s(2) = —63.6 kJmol™';
AE;s15(4) = —145.7 kImol™'; RI-BP86/TZVP) as found by
the magnetic measurements.'!! The frontier orbitals of 4 form
a pair of almost degenerate metal-based (d,, and d,,) singly
occupied molecular orbitals (SOMO and SOMO +1) and a
pair of nearly degenerate LUMOs resulting from the
antibonding interaction of the metal d,, and d,. . orbitals
with the p-type lone-pair orbitals of the amide ligands
(Figure 3). Addition of one electron to 4 to give the anion
[Cr(NsN)H] ™ is accompanied by a Jahn-Teller distortion,
which causes a decrease of the N2-Cr-N3 angle from 119.0 to
103.3° (BP86/6-311(d,p)), lifts the degeneracy of the d,, and
d,._-based orbitals, and lowers the energy of the d,._.-based
orbital (SOMO +2). Coordination of Li(thf)* to the anion
[Cr(N;N)H]™ to give 2 further reduces the calculated N2-Cr-
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Figure 3. Frontier orbitals of 2 (top) and 4 (bottom) from extended Hiickel calculations on the BP86/6-311G(d,p) optimized structures. Si, C, and
H atoms (except the hydride ligand) are omitted for clarity. The N4 atom and the hydride ligand are omitted in the top views.

N3 angle to 93.9°. The Cr—N,ia
antibonding character of the
SOMO +2 orbital of 2 (Figure 3)
provides an interpretation for the
lower Wiberg Bond Index (WBI)
values of the Cr—N,,;4c bonds of 2
(Table 1). A comparison of the
natural population analysis (NPA)
charges reveals that oxidation of 2
to give 4 does not change the
electron density at chromium (2:
+1.34; 4: +1.33), but is accompa-
nied by a charge drift from the
Numice atoms to the chromium
center (Table 1). The Gibbs free
bond dissociation energies (BDEs)
of the Cr-H bonds (2:
297.1kJmol™, 4: 1959 kJmol™};
BP86/LANL2DZ) can be com-
pared with those of the Cr"
hydrides [CpCr(CO),(L)H] (L=
CO, P(OMe);, PPh;, PEt)
(BDE =250.2-262.3 kJmol™") pro-

viding a rationale for the high thermodynamic stability of 2.
The present results not only illustrate the marked differ-

Table 1: Atomic charges, natural electron configuration, results of the topological analyses of the
electron density distribution (AIM), and Wiberg Bond Indices (WBI) of 2 and 4 (BP86/6-311G(d,p)).

NPA charges'

Cr H N1 N2 N3 N4 Li (6]
2 +1.34 —0.42 —-1.19 —1.31 —1.31 —0.58 +0.87 —0.65
Natural electron configuration (Cr) 4s%%° 3d** 44°"
4 +1.33 —0.33 —1.05 —1.05 —1.05 —0.57

Natural electron configuration (Cr) 4s%*° 3d*% 4d°"

AIM analyses and Wiberg Bond Indices

2 4
A-B % AP! VAT el WBI A-B % AP AV el WBI
Cr—N1 48.8 9.47 0.02 0.57 Cr—N1 50.3 9.13 0.08 0.76
Cr—N2 48.7 6.86 0.17 0.38 Cr—N2 50.3 9.1 0.08 0.76
Cr—N3 50.3 6.65 0.17 0.39 Cr—N3 50.3 9.23 0.08 0.76
Cr—N4 48.0 6.34 0.02 0.6 Cr—N4 48.1 5.62 0.00 0.15
Cr—H 61.9 2.04 0.01 0.64 Cr—H 62.9 1.1 0.00 0.69
N2-Li 63.6 4.58 0.19 0.03

N3—Li 63.6 4.49 0.18 0.04

[a] NPA: natural population analysis. [b] Position of the bond critical point (r.) given by d(r.—A)/d(A-B) x
100. [c] Laplacian of electron density at the bond critical point in e A=°. [d] Ellipticity e.=4,/A,— 1, where
A, and 4, are negative eigenvalues of the electron density Hessian.

Keywords: chromium - density functional calculations -
hydrides - N ligands - tripodal ligands

ences between chromium and its heavier congeners molyb-
denum and tungsten,!'>*! but also provide the impetus for

tackling the synthetic challenge of assembling other hydrido
complexes of the 3d metals in unusual oxidation states and

coordination geometries.
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