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Asymmetric trinuclear and dinuclear Cr() dinitrogen complexes
bearing cyclopentadienyl—phosphine ligands were synthesized via
reduction of their corresponding Cr(i) chloride complexes in the
presence of N,. Oxidative addition reactions of single, double and
triple bonds are found to take place on the low-valent Cr(i) centre.

Dinitrogen activation with transition metals has been studied
for decades." Since the first dinitrogen complex was discovered
in 1965,” dinitrogen complexes have been reported for a wide
variety of transition metals.? Especially, It has been intensively
investigated at Mo and W centers.>®> However, compared with
Mo and W congeners, only a limited number of Cr dinitrogen
complexes are known and most of them contain labile N,
ligands.® Recently, we have reported a chromium hydrazido
complex from N, functionalization,” which is supported by our
designed cyclopentadienyl-phosphine ligands (L1, Scheme 1).°
Inspired by this work, we further designed another cyclopenta-
dienyl-phosphine ligand which features a methylene group
between the cyclopentadienyl and the phenyl ring (1, Scheme 1)
and extended our exploration of structure and reactivity on its
corresponding Cr dinitrogen complexes.

Herein, we report the synthesis and characterization of
unusual asymmetric Cr(1) dinitrogen complexes bearing the
cyclopentadienyl-phosphine ligand (1), which demonstrates
that small changes in ligand design can result in dramatic
changes in N, coordination and reactivity.’ Reaction chemistry
of these asymmetric Cr(1) dinitrogen complexes revealed that
oxidative addition reactions on low-valent Cr(1) centers could be
achieved to produce their corresponding mononuclear Cr(ur)
complexes accompanied by the loss of N, ligands. Further, the
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reaction of the Cr(i) dinitrogen complex with PhSiH; could
realize the activation of Si-H bond, generating a mixed-valence
dinuclear Cr dinitrogen complex.

The ligand 1 and its precursor can be readily prepared (for
details, please see ESIT).'® Reaction of 1 with CrCl, in THF at
room temperature for 12 h generated chromium chloride
complexes 2 in good isolated yields (Scheme 2). Complexes
2a-c were characterized by single-crystal X-ray structural analysis
(for structural information of 2a-c, please see ESIT). Complexes
2a-c have solution magnetic moments of 3.1 & 0.1 g, 3.2 & 0.1 pip
and 3.0 + 0.1 ug (measured by Evans’ method'") in C¢Dg at 296 K,
respectively, which are in alignment with the spin-only value
(S = 1). Magnetic susceptibility measurements at variable tem-
perature with a superconducting quantum inference device (SQUID)
show that the effective magnetic moment of 2¢ at room temperature
(ttefr =~ 3.5 up) is higher than the spin-only value (2.8 uz) expected
for an S =1 state, suggesting an unquenched orbital momentum
contribution (for details, please see ESIt)."?

Reduction of 2a,b with 1 equivalent of KCg in THF under N,
gave a dark brown solution, from which the Cr(1)-N, complexes
3 (3a: R = Ph, 3b: R = 'Pr) were obtained in 67% and 68% isolated
yields as brown powder, respectively (Scheme 3). Although single
crystals suitable for X-ray structural analysis could not be
obtained for the reduction product from 2¢ with KCg in THF
under N,, its IR spectrum (see Fig. S6 in ESI{) is very similar to
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Scheme 1 (A) Our previous synthesis of symmetric dinitrogen complexes.
(B) Synthesis of asymmetric dinitrogen complexes.
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Scheme 2 Synthesis of chromium complexes 2.
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Scheme 3 Reduction of 2a,b to afford dinitrogen complexes 3.

that of dinitrogen complex 3b. Complexes 3a and 3b have
solution magnetic moments of 5.2 £ 0.1 ug and 4.2 £ 0.1 up
at 296 K, respectively, which are consistent with the DFT
calculation results (for details, please see ESIt).

The molecular structures of 3a and 3b were characterized by
single-crystal X-ray structural analysis (Fig. 1 and 2). Notably,
compared with our previously reported trinuclear Cr(r) dinitro-
gen complex,” 3a shows a novel asymmetric trinuclear structure
when a methylene linker is added between the phenyl ring and

Fig. 1 Molecular structure of complex 3a with thermal ellipsoids at 30%
probability. H atoms are omitted for clarity. Selected bond lengths [A] and
angles [7]: Cr1-N11.855(3), Cr1-N3 1.815(2), Cr2—N4 1.877(2), Cr2—N5 1.799(3),
Cr3-N6 1.873(3), N1-N2 1.127(4), N3-N4 1.162(3), N5-N6 1.176(4), N3-Crl-
N1 93.54(11), N4-Cr2-N5 98.07(11), N6-Cr3—P3 108.00(8).
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Fig. 2 Molecular structure of complex 3b with thermal ellipsoids at 30%
probability. H atoms are omitted for clarity. Selected bond lengths [A] and
angles [*]: Cr1-N11.890(7), Cr2-N2 1.778(4), Cr2—N3 1.875(4), N1-N2 1.184(1),
N3-N4 1.124(3), N1-Cr1-P1 95.72(4), N2-Cr2—-N3 93.61(5).

the cyclopentadienyl ring in the ligand framework. As shown in
Fig. 1, the three Cr centers are bridged by two end-on N, ligands
and the N(5)-Cr(2)-N(4) angle is 98.07 degree. The Cr(1) center
coordinates a terminal N, ligand while the Cr(3) center does
not. From the space-filling model of 3a derived from the crystal
structure, the Cr(3) center is surrounded closely by the ligand
and there is no vacancy for N, binding. When changing the
phenyl groups on the phosphorus center into isopropyl groups,
another asymmetric dinuclear dinitrogen complex 3b was
generated, probably due to the increase of steric hindrance
on the phosphorus center. As shown in Fig. 2, the two Cr
centers of 3b are bridged by an end-on N, ligand. There is only
one terminal N, ligand binding at the Cr(2) center. The N-N
bond lengths of the bridging N, ligands in 3a and 3b are in the
range of 1.162 to 1.184 A, which are longer than those in
terminal N, ligands (1.127 A for 3a, 1.124 A for 3b).

The IR spectra of 3a and 3b show strong vibration peaks
(1752 em™?, 1933 cm ™" for 3a; 1748 cm ™', 1957 cm ™ for 3b)
assignable to the bridging and terminal dinitrogen ligands,
respectively. No remarkable differences were observed between
the solution and the solid-state IR spectra of 3a and 3b,
indicating that terminal N, ligands are stable at room tempera-
ture. In contrast to symmetric dinitrogen-bridged complexes,
such asymmetric trinuclear (3a) or dinuclear (3b) dinitrogen
complexes are very rare.”

Next we explored the reaction chemistry of dinitrogen
complex 3a towards some organic small molecules. For example,
addition of 3.0 eq. of phenylsilane to a THF solution of 3a at room
temperature resulted in the formation of mixed-valence dinuclear
Cr dinitrogen complex 4 in 35% isolated yield, which features
chromium in +I and +III formal oxidation states (Scheme 4).
Complex 4 has a solution magnetic moment of 3.3 + 0.1 ug
at 296 K.

The molecular structure of 4 was characterized by single-
crystal X-ray structural analysis. As shown in Fig. 3, one Cr
center in 4 remains +I formal oxidation state, while another Cr
center is oxidized into +III valence via the oxidative addition
reaction with phenylsilane. The Si(1)-H(3) distance of 1.90 A
indicates that the bonding interaction between Si(1) and H(3) is
very weak, in which the H(3) can be regarded as a hydride

This journal is © The Royal Society of Chemistry 2019
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Scheme 4 Oxidative addition reaction of 3a with PhSiHz to afford dini-
trogen complex 4.

Fig. 3 Molecular structure of complex 4 with thermal ellipsoids at 30%
probability. H atoms are omitted for clarity. Selected bond lengths [A] and
angles [l: Cr1-P1 2.292(2), Cr1-N1 1.774(7), Cr1-Sil 2.359(0), N1-
N2 1.175(2), P1-Cr1-N1 89.67(5), P1-Crl1-Sil 118.40(2), Cr1-N1-N2
177.81(15).

ligand,"* instead of a bridging hydride ligand featuring the
Si-H distances around 1.60 A."**"° As for the characterization of
hydride in complex 4, Cr-H or Cr-D stretch cannot be identi-
fied in the IR spectrum due to their weak signals, however, the
doublet at —5.6 ppm might be assigned to the hydride, which
disappeared if it was substituted by the deuteride in the
reaction between complex 3a and PhSiD;. Furthermore, *H(D)
NMR spectrum showed that the signal at —3.3 ppm should be
assigned to the deuteride in the product obtained from the
reaction between 3a and PhSiD; (for details, see ESIT). The N-N
bond length of the bridging N, ligand is 1.175 A. Its IR
spectrum shows one strong vibration peak at 1761 cm™’,
assignable to the bridging dinitrogen ligand. These lengths and
IR values are comparable to those of bridging N, ligands in 3a
and 3b. Complexes bearing both a hydride and a silyl ligand,
generated through oxidative addition of Si-H bonds to various
transition metals, are a type of important intermediates in
hydrosilylation reactions."” To the best of our knowledge, this
is the first structurally characterized chromium dinitrogen complex
possessing this phenylsilyl and hydride structural motif.

The reactions of 3a with azobenzene, benzylideneaniline
and 2-butyne took similar oxidative addition pathway, in which
the Cr centers were oxidized from +I to +III valence, along with
the loss of N, ligands to generate mononuclear Cr(ur) complexes
5-7 (Scheme 5). Complexes 5-7 were obtained in 53%, 46% and
45% isolated yields, respectively. They have solution magnetic
moments of 3.6 &+ 0.1 ug, 3.8 + 0.1 ug and 3.7 + 0.1 up at 296 K,
respectively, which are consistent with chromium in the +III
oxidation state.” Magnetic susceptibility measurements at

This journal is © The Royal Society of Chemistry 2019
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Scheme 5 Oxidative addition reaction of 3a to afford complexes 5-7.

variable temperature by SQUID show that the effective mag-
netic moment of 5 at room temperature (perr ~ 4.5 up) is
higher than the spin-only value (3.9 ug) expected for an S = 3/2
state, suggesting an unquenched orbital momentum contri-
bution (for details, please see ESIT).

The molecular structures of 5-7 were characterized by
single-crystal X-ray structural analysis (for details see ESIt).
The ORTEP drawing of 5 is shown in Fig. 4. Two N atoms are
coordinated to the Cr center affording the three-membered
metallacycle. Both N(1) and N(2) were found to be located at
similar distances from the chromium at distances of 1.945 A
and 1.942 A, respectively. The N-N distance of the azobenzene was
elongated to 1.434 A, indicating the N-N single bond character.
As shown in Fig. 5, complex 7 is a chromacyclopentadiene,'®
which results from reductive coupling of two 2-butynes bound
to chromium.

In summary, novel asymmetric chromium(i) dinitrogen
complexes have been realized and their reaction chemistry has
been demonstrated with phenylsilane and some unsaturated
organic compounds. These examples show the potential utilities

Fig. 4 ORTEP drawing of 5 with 30% thermal ellipsoids. Hydrogen atoms
are omitted for clarity. Selected bond lengths [A] and angles [?]: Cri—
N1 1.944(9), Cr1-N2 1.942(3), Cr1-P1 2.430(2), N1-N2 1.434(2), N1-Crl1-
P1 94.50(5), N2—-Cr1-N1 43.30(6), N2-N1-Crl 68.25(9).
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Fig. 5 ORTEP drawing of 7 with 30% thermal ellipsoids. Hydrogen atoms
are omitted for clarity. Selected bond lengths [A] and angles [’]: Crl-
C12.051(1), Cr1-P12.406(1), C1-C2 1.354(3), C2-C3 1.483(3), C1-Cr1-C4
83.02(8), P1-Cr1-C1 90.73(6), Cr1-C1-C2 111.22(14).

of low valence Cr() dinitrogen complexes as synthons for activa-
tion of some organic small molecules by the Cr(i) centers.
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