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ABSTRACT: Late transition-metal-based catalysts are widely used in N, fixation reactions, but the reactivity of late transition-
metal N, complexes, besides of iron N, complexes, remained poorly understood as their N, complexes were thought labile and hard
to be functionalized. By employing a monodentate N-heterocyclic carbene (NHC), 1,3-dicyclohexyl-imidazol-2-ylidene (ICy) as
ligand, the cobalt(0)- and cobalt(-1)-N, complexes, [(ICy);Co(N,)] (1) and [(ICy),Co(N,),M], M = K, 2a; Rb, 2b; Cs, 2¢),
respectively, were synthesized from the stepwise reduction of (ICy);CoCl by the corresponding alkaline metals under a N,
atmosphere. Complexes 2a-2c¢ in their solid states adopt polymeric structures. The N-N distances (1.145(6) to 1.162(5) A) and
small N-N infrared stretchings (ca. 1800 and 1900 cm™') suggest the strong N, activation of the end-on N, ligands in 2a-2¢. One
electron oxidation of 1 by [Cp,Fe][BF,] gave the cobalt(I) complex devoid of N, ligand [(ICy);Co][BF,] (3). The
bis(dinitrogen)cobalt(-1) complexes 2a-2¢ undergo protonation reaction with triflic acid to give N,H, in 24-30% yields (relative to
cobalt). Complexes 2a-2¢ could also react with silyl halides to afford diazene complexes [(ICy)ZCo(r]Z-R3SiNNSiR3)] (R = Me, 6a;
Et, 6b) that are the first diazene complexes of late transition-metals prepared from N,-functionalization. Characterization data, in
combination with calculation results, suggest the electronic structures of the diazene complexes as low-spin cobalt(Il) complexes
containing dianionic ligand [7°-R;SiNNSiR;]>. Complexes 1, 2a-2¢, 6a, 6b, and (ICy),CoCl, proved effective catalysts for the
reductive silylation of N, to afford N(SiMe;);. These NHC-cobalt catalysts display comparable turnover numbers (ca. 120) that
exceed the reported 3d metal catalysts. The fine performance of the NHC-cobalt complexes in the stoichiometric and catalytic N,-
functionalization reactions points out the utility of low-valent low-coordinate group 9 metal species for N,-fixation.

Introduction complexes are general recognized as labile and hard to be

The exploration on new catalysts for N, fixation in the re- functionalized. To our knowledge, only two successful studies

cent decades" ? has let cobalt stand out after iron, ruthenium,
and molybdenum as the essential component of some effective
catalysts of N, fixation.” As the notable examples, barium-
promoted cobalt catalysts supported on carbon are known to
exhibit higher ammonia production activity and lower ammo-
nia inhibition than the commercial iron catalyst,” Lu’s cobalt
complexes supported by double-decker triamido-triphosphine
ligand can catalyze the reductive silylation reaction of N, un-
der ambient conditions to give N(SiMes); up to 98 equivalents
per  Co, ** and the cobalt-N,  complexes
[(B(C¢H4PPr'2);)Co(Ny)][Na(12-C-4),] and [(2,5-
(Bu',PCH,),C,H,N)Co(N,)] reported by Peters * and Nishi-
bayashi, ¥ respectively, promote the reduction of N, into NH;
at -78°C using [H(OEt,),][BAr",] as the proton source and KCjg
as reducing reagent with the yield of NH; up to 16 equiv..
These intriguing progresses hint at the potential of cobalt-
based catalysts in promoting new N, fixation reactions with
high atom-economical and less energy-intensive features.

Along with the emergence of these cobalt catalysts, funda-
mental question as to the reactivity of cobalt-N, species has
remained poorly understood. Even since the first report of
cobalt-N, complex [(Ph;P);Co(N,)(H)] in 1967, * a plenty
of cobalt-N, complexes featuring versatile supporting ligands
are known." However, the bound N ligands of these cobalt-N,

of N,-functionalization with well-defined cobalt-N, complexes
are known, namely, the protonation reactions of the cobalt(-1)-
N, complexes (Ph;P);Co(N,)M(solv); (M = Li, Na) to give
ammonia and hydrazine * and the reactions of the cobalt(0)-
N, complex [(PhB(CH,PPr’,);)Co(N,)],Mg(THF), with elec-
trophiles to produce diazenido complexes
[(PhB(CH,PPr',);)Co(NNR)] (R = Me, SiMe;).*" Notably, the-
se are also the only known examples of N, functionalization of
late transition-metal N, complexes besides of the studies with
group 8 metal complexes."” The status quo urges exploration
on the chemistry of late transition-metal N, complexes.

In this context, we report herein the exploration on cobalt-
N, complexes with N-heterocyclic carbene (NHC) ligation.
Utilizing 1,3-dicyclohexyl-imidazol-2-ylidene (ICy) as ligand,
novel bis(dinitrogen)cobalt(-1) complexes [(ICy),Co(N,),M],
(M = K, Rb, Cs) have been synthesized and fully
characterized. Benefited from the low-valent nature of the
metal center and strong c-donating nature of NHCs,” the N,
ligands of the cobalt(-1)-N, complexes are strongly activated
and the complexes can react with acids and silyl halides to
give N,H, and the diazene complexes [(ICy),Co(i’-
R3SiNNSiR3;)] (R = Me, Et), respectively. Diazene
imtermediates are proposed in the alternating pathway of N,-
reduction reactions catalyzed by nitrogenases and transition-

comgltexes.7 Nevertheless, pertinent transformations

tal
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from a late transition-meal N, complex has never been ob-
served. Thus, the conversion of the cobalt(-1)-N, complex to
the diazene complexes [(ICy),Co(;°-R;SiNNSiR;)] provides
the first examples of the kind. Moreover, these NHC-cobalt
complexes found effective in catalyzing the reductive
silylation of N, to afford N(SiMe;); with turnover numbers
reaching 120 per cobalt. The achievement of these cobalt-
mediated N,-functionalization reactions point out the potential
usage of low-coordinate low-valent group 9 metal complexes
in N, functionalization after well-studied iron complexes.

Results and Discussion

Synthesis and Characterization of the Cobalt(0)-N,
Complex [(ICy);Co(N,)]. Previously, we found that the
monodentate NHC ligand, ICy, supports tetrahedral iron(I)
and iron(0) complexes in the forms of [(ICy);Fe(N,)][BPhy]
and [(ICy);Fe(N,)], respectively, which are among the rare
examples of isolable high-spin iron-N, complexes.® The
introduction of this NHC ligand to cobalt complexes then
proved the accessibility of analogue cobalt(0) complex.
Treatment of the cobalt(I) complex [(ICy);CoCl] with one
equiv. of KCg in THF under a N, atmosphere gave a red
solution, from which the cobalt(0)-N, complex [(ICy);Co(N,)]
(1) was isolated in 87% yield as a red crystalline solid
(Scheme 1).

Scheme 1. Synthetic Routes for the Cobalt-N, Complexes
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Figure 1. Molecular Structure of [(ICy);Co(Ny)] (1, left), and its
EPR spectrum measured at 103 K in a toluene glass. Instrumental
parameters for EPR measurement: v = 9.082 GHz, modulation
frequency = 100 kHz, modulation amplitude = 2 G, microwave
power = 0.998 mW, time constant = 30 ms, sweep time = 30 s.
Simulation parameters: S = 1/2, g; = 2.16, g, = 2.14, g3 = 1.99;
A _Co; =207 MHz, A Co, = 160 MHz, A _Co; = 115 MHz; line
width lw = 60 G.

Complex 1 has a solution magnetic moment of 2.6(1) up
(measured by Evans’ method in C4Dy) that exceeds the spin-

only value for § = 1/2 system, probably due to the contribution
of orbital moment.” The X-band EPR spectrum of 1 recorded
in a toluene glass at 103 K displys apparent *’Co (I = 7/2) nu-
clear hyperfine splitting, and can be nicely simulated as an S =
1/2 system with small g-value and large “’Co nuclear hyper-
fine constants (Figure 1). The g value is in line with those of
the cobalt(0) phosphine complexes Co(dppf), (dppf = 1,1’-
bis(diphenylphosphino)ferrocene) '° and  Co(troppph),
(troppph = tropylindene phosphane).'' The molecular structure
of 1 established by a single-crystal X-ray diffraction study
confirmed its distorted tetrahedral coordination geometry
(Figure 1). Its end-on N, ligand sits in the pocket composed by
three cyclohexyl groups, and has the Co-N distance of 1.798(5)
A and N-N distance of 1.051(5) A. Despite of the short N-N
distance, low energy N-N stretching vibrations (1917 and
1921 em™ in KBr and THF, respectively) were observed on
the IR spectra (Figures S18-S20). These wavenumbers are
smaller than those of the cobalt(0)-N, complexes supported by
phosphine-based ligands, eg. [((2-Pr',PC4H,);B)Co(N,)]
(2089 cm™) *" and [AltraPhosCo(N,)] (2081 cm™),* suggest-
ing more pronounced N, activation in the NHC-Co(0)-N,
complex caused by the strong c-donating nature of the ICy
ligands in 1. The ""N,-labled sample of 1, which was prepared
by exposing the solid sample of 1 to a "N, (2 atm.) at room
temperature, shows a "N-"N stretching vibration at 1854 cm™,
being consistent with the mass difference of N, to "“N,.
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Figure 2. Cyclic voltammogram of [(ICy);Co(N,)] (1) measured
in 0.1 M THF solution of [Bu",N][PFs] under a N, atmosphere
with a scan rate of 100 mV/s.

Synthesis and Characterization of the Cobalt(-1)-N,
Complexes M[(ICy),Co(N,) ;] M = K, Rb, Cs). The cyclic
voltammogram of 1 measured in THF under N, atmosphere
features two sequential quasi-reversible one-electron redox
waves with half-wave potentials at -2.10 and -0.34 V (vs. SCE,
Figure 2), which are tentatively assigned to the redox couples
of [(ICy);Co(N,)]'™ and [(ICy);Co(N,)]”"", respectively. The
half-wave potential of [(ICy);Co(N,)]'" is shifted cathodically
ca. 0.6 V and 1.7 V, respectively, over those of the redox pro-
cesses of [((2-Pr,PC¢H,);B)Co(Ny)]'™ ™ and [Altra-
PhosCo(N,)]'”, * signifying the strongly electron-donating
nature of the tris(NHC) ligand set as compared to the trisphos-
phine ligands bearing additional Z-type site. Aiming to access
the reduced species, chemical reduction of 1 by alkali metals
was tried. Stirring the THF solutions of 1 with K, Rb, or Cs
(1.2 equiv.) at room temperature gave reddish brown solutions.
After further workup and recrystallization,

ACS Paragon Plus Environment

Page 2 of 14



Page 3 of 14

oNOYTULT D WN =

Journal of the American Chemical Society

Figure 3. Structures of [(ICy),Co(N,) K], (2a). (a) Ball-stick presentation of the polymer chain of 2a, (b) the structure of the unit of the
polymer chain, and (c) the anion [(ICy),Co(N,),] in 2a showing 30% probability ellipsoids. Balls in grey, light bule, blue, and purple
correspond to carbon, nitrogen, cobalt, and potassium atoms, respectively. For simplicity, all the hydrogen atoms are ommited.

Table 1. Selected interatomic distance (A) and N-N stretches (cm'l) of the Co-N, complexes.
1 2a 2¢ 4¢
N-N 1.051(5) 1.154(2) 1.151(5) 1.145(6) 1.148(4)
to 1.159(3) to 1.162(5) to 1.159(6) 1.161(4)
Co-N 1.798(5) 1.752(2) 1.747(4) 1.748(5) 1.752(3)
10 1.758(2) 10 1.760(4) 10 1.765(4) 1.766(3)
M--N“ 2.785(2) 2.928(4) 3.097(5) 2.766(4)
10 3.214(2) 10 3.315(4) 10 3.434(5)
Co-C 1.966(5) 1.968(2) 1.957(4) 1.954(5) 1.945(3)
to 1.977(5) to 1.984(2) to 1.984(4) to 1.967(5) 1.959(4)
VN_Nb 1917 1807, 1881 1804, 1888 1811, 1882 1812, 1892
(1921) (1817, 1890) (1816, 1891) (1817, 1894) (1828, 1906)

“ M =K, Rb, Cs, and K for 2a-2¢, and 4, respectively. b Data measured on solid samples and THF solutions (parenthesized), respective-
ly. © Distances are the data in average from two crystallographically independent molecules in the unit cell.

the bis(dinitrogen)cobalt(-1) complexes [(ICy),Co(N;,),M], (M
=K, 2a; Rb, 2b; Cs, 2¢), instead of mono(dinitrogen)cobalt(-1)

complexes (ICy);Co(N,)M, were isolated in 37%, 42%, and 64%

yields, respectively, as red crystals (Scheme 1). The attempts
to prepare [(ICy),Co(N;),Na], using sodium metal and sodium
amalgam as reducing reagents were unsuccessful. Complexes
2a-2c¢ have been characterized by various spectroscopic meth-
ods and their structures were established by X-ray diffraction
studies. Their chemical composition as compared to 1 indi-
cates the formation of ICy as by-product in their preparation.
The latter, indeed, was isolated in high yields. The trial to pre-
pare the one-electron oxidized species [(ICy)3C0(N2)]H via the
reaction of 1 with [Cp,Fe][BF,4] led to the isolation of the
three-coordinate cobalt(I) complex devoid of N,-ligation

[(ICy);Co][BF4] (3) (Scheme 1). Alternatively, 3 is prepared
from the salt elimination reaction of [(ICy);CoCl] with NaBF,.
The failure to access the cobalt(I)-N, complex
[(ICy);Co(N,)][BF,] might be related to the weak N,-affinity
of high-spin cobalt(I) species as compared to high-spin iron(I)
species, since analog high-spin iron(I)-N, complex
[(ICy);Fe(N,)][BAr4] proved accessible.®

In their solid states, 2a-2¢ are iso-structural, presenting as
one-dimensional polymers formed by interactions of the alkali
metal cations M with the N, and imidazole moieties of the
anion [(ICy),Co(N,),]". As the representative, Figure 3 depicts
the polymeric structure of 2a. The structures of 2b and 2¢ are
shown in Figures S3-S6. The key bond distances of 2a-2¢ are
listed in Table 1. Comparing the structure data indicated that,
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irrelevant to their cations, the structures of the anions
[ICy),Co(N,),]” in 2a-2¢ are nearly identical, in which the
cobalt center coordinates with two ICy ligands and two end-on
N, ligands, forming a distorted tetrahedral geometry (Figure
3c). In addition to the interaction with the cobalt center, the
two N, ligands are further coordinating with alkaline metal
ions with one in an #°:*-fashion M""(5*:5>-N,)M"", and the
other in an 5'’-fashion M'"(5':"-N,)M'" (Figure 3a). The
long M""++-N separations (Table 1) as compared those of their
counterparts in [M’,(N,)M,(nacnac),] (M’ = K, Rb, Cs; M =
Fe, . Co Ni "), [K(N,)Co(PMes)ls, *  [(Etr
cAAC),Fe(N,)][K(18-C-6)],"* and [AltraPhosFe(N,)][K(18-C-
6)] ** suggest the ionic nature of these complexes. Irrespective
of the different alkali metal ions, the Co-N distances in these
complexes are also close and locate in a narrow range (1.747(4)
to 1.765(4) A). The N-N distances are also in the short range
(1.145(6) to 1.162(5) A). The shorter Co-N and longer N-N
distances when comparing with their counterparts in
[(ICy);Co(N,)] (1) imply stronger N, activation of the cobalt(-
1) complexes. On the other hand, when comparing with the
reported Co(-1)-N, complexes, the N-N distances in 2a-2c¢ are
between (PPh;);Co(N,)M(solv), (M = Li, Na; 1.16-1.19 A) *
and the Z-ligand-anchored trisphosphine-Co(-1)-N, complexes
[AltraPhosCo(N,)][Li(crypt-222)] (1.12 A)® - @-
Pr’,PC¢H,);B)Co(N,)][Na(12-C-4),] (1.13 A)  and
[(THF)Zr(MesNPPr',);Co(N,)] (1.13 A).* Accordingly, the N-
N stretching frequencies of the solid samples of 2a-2¢ (1807
and 1881 cm™', 1804 and 1888 cm™', and 1811 and 1882 cm,
respectively) (Figures S21, S24, and S27) also lay between
those of (PPh;);Co(N,)M(solv), (M = Li, Na, et al; ca. 1900
ecm™) * and the Z-ligand-anchored trisphosphine-Co(-1)-N,
complexes (ca. 2000 cm™). ****' As NHCs are stronger o-
donors than phosphine ligands,” the shorter N-N distances and
larger stretching vibration numbers of 2a-2¢ over those of
(PPh;);Co(N,)M(solv), should be related to the cation effect.
The difference observed between 2a-2¢ and the Z-type ligand-
anchored trisphosphine-Co(-1)-N, complexes could be at-
tributed to the different electron-donating ability of the ligands.
5N NMR spectrum of 2a in C.D/THF

1817 -55.53
|

IR spectrum of 2a in THF

189|0

-70.77

IR spectrum of 1756
N,-2a in THF
18|26

-20 -30 -40 .50 .60 -70 -80 90

2000 1900 1800 1700
Wavenumbers (cm)

Chemical Shifts (ppm)

Figure 4. IR spectra of 2a and "*N,-2a (left), and the "N NMR
spectra of '*Ny-enrich 2a and 2¢ (right). The peaks at ca. -70.8
ppm in the NMR spectra arise from free '°N,.

Complexes 2a-2¢ are diamagnetic. Their '"H NMR and “C
NMR spectra measured in THF-dg exhibit only one set of sig-
nals for the ICy ligands, suggesting an idealized C, symmetry
for these complexes in the solution phase. The infrared reso-
nance spectra of 2a-2¢ measured on their THF solutions dis-

play two N-N stretching vibrations with the wavenumbers
close to those of the solid samples (Table 1, and Figures 4 and
S21-S29). Despite of the low-valent nature of the cobalt center,
the N, ligands in these cobalt(-1)-N, complexes 2a-2¢ are still
labile as exposing the THF solutions of 2a-2¢ to "°N, atmos-
phere at room temperature readily led to "“N,-"N, exchange.
The resulting ""Ny-labeled species show two characteristic
stretches (ca. 1760 and 1830 cm’, Figures 4, S23, S26, and
S29). The two bands observed in these infrared resonance
spectra are assigned to the symmetric and asymmetric stretch-
es of the tetrahedral anion [(ICy),Co(N,),]. The pattern is
similar to the infrared resonace spectra of the
bis(dinitrogen)titanium complexes reported by Chirik."” In
supportive to this assignation, the "N NMR spectra of these
cobalt(-1)-N, complexes only show one set of "N NMR sig-
nals assignable to cobalt-bound N, (-33.23 and -55.53 ppm for
2a, and -31.96 and -56.23 ppm for 2¢, Figure 4). Careful ex-
amination of the NMR spectra revealed the decoalescence of
the signals at ca. -56 ppm (Figures S37 and S42), which might
be caused by the subtle difference of interaction of alkaline
metal cations with the two N, ligands in [(ICy),Co(N,),]". This
speculation  gains support from the isolation of
[(ICy),Co(N,),K(18-C-6)] (4) from the reactions of 2a with
18-crown-6. An X-ray diffraction study revealed that the key
structure parameters of the anion [(ICy),Co(N,),]” in 4 are
similar to those of 2a, having one N, ligand bonding with the
cobalt center solely and the other N, ligand bridging between
the cobalt center and the crowned potassium ion (Figure 5).
The N-N stretches of 4 in the infrared spectra also appear at
similar wavenumbers as those of 2a (Table 1, and Figures
S30-S32). As the bis(dinitrogen)cobalt(-1) complexes decom-
pose quickly in the THF solution of [NBu";][BPh,] (0.1 M) as
evidenced by fast color change of the solution from red to
brown, the cyclic voltammograms of  these
bis(dinitrogen)cobalt(-1) complexes have not been obtained.

Bl R G,
S, w0

“{-‘ ;‘;'Tm” \,

Ao “\~ / s
Rg02 02AF) >-=RCot \f\,;
L. 1,0 N3 , _ 7
WS 06 oA
O™ rv"ﬁ
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Figure 5. Molecular Structure of [(ICy),Co(N,),K(18-C-6)] (4),
showing 30% probability ellipsoids.

HOMO HOMO-1

Co: 49% Co(3d) + 7% Co(4p)
No-A: 2% N,(2p) + 5% Ny(2p)
N-B: 1% N,(2p) + 5% Ny(2p)

Co: 47% Co(3d) + 7% Co(4p)
No-A: 2% N,(2p) + 8% N(2p)
No-B : 2% N,(2p) + 8% Ny(2p)

Figure 6. HOMO and HOMO-1 orbitals of [(ICy),Co(N,),] at its
S =0 state.
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Low-valent late transition-metal species are thought to have
low affinity toward N, as compared to low-valent earlier metal
species due to the lower energy of their 3d orbitals being
worse at n-backdonating to N,."® This point is reflected by the
rarity of late transition-metal complexes that bind two or more
N, molecules and a plenty of such complexes are known for
the group 4-8 metals. "7 As for the later transition-metals, the
square planar complex trans-[(IMes),Ir(N,),][BAr"",] '* is the
only precedent. The access of the bis(dinitrogen)cobalt com-
plexes 2a-2¢ and 4, thus, is significant, which revealed the
high Nj-affinity of the bis(NHC)cobalt(-1) fragment
[(ICy),Co]". In addition with the low-valent nature of the Co(-
1) center, the high N,-affinity might should also benefit from
the strong c-donating nature of the NHC ligand, noting that
the phosphine-Co(-1)-N, complexes are known only for the
type of mono(dinitrogen) complex (R;P);Co(N,)M.** The
combination of the two factors would generate a very electron-
rich metal center that incurs pronounced metal-to-N, back-
donation. Electronic structure calculations on [(ICy),Co(N,),]
(S = 0) indicated that, in spite of the tetrahedral coordination
geometry, the electron-richness of the d'* cobalt(-1) center has
non-negligible C0(3d)-to-N2(n*) back-donation that is discern-
ible from the orbital composition of the HOMO and HOMO-1
orbitals (47% Co(3d) + 20% N(2p) and 49% Co(3d) + 13%
N(2p), respectively, Figures 6 and S50), and also from the
negative Mulliken atomic charges (-0.32 and -0.33) on the two
distal N atoms. The charges are higher than that of the distal N
atom of [(ICy);Co(N;)] (-0.30) even though the latter contains
only one m-accepting N, ligand.

Table 2. Yields of hydrazine and ammonia formed in the
protonation reactions of cobalt-N, complexes.

cobalt-N, complex + HX (16 equiv.) NoH,4 + NH3 + CoX, + Hy

2
-78°C

Co-N, X Yield of Yield of

NyH, (%) NH; (%)
1 triflic acid 5(1) <1
1 HCl? <1 <1
2a triflic acid 27(3) <1
2a HC1? 31(3) <1
2b triflic acid 23(2) <1
2¢ triflic acid 24(1) <1
4 triflic acid 27(1) <1
5°¢ triflic acid 3(1) <1
5¢ HC1? 18(3) <1

“ Yields are relative to per mol cobalt, and are the averaged da-
ta of 2 runs. © 7.6 M HCl in Et,0. ¢ 5 denoted for
[(Ph3P);Co(N;,)Li(OEt,);] prepared based on the reported proce-
dures of ref. 4c.

N,-Functionalization Reactions of the Cobalt-N, Com-
plexes. Noting the strong N,-activation in these NHC-cobalt-
N, complexes, their N,-functionalization reactions were ex-
plored. Examining their reactions with anhydrous acids re-
vealed that the cobalt(-1)-N, complexes 2a-2¢ and 4 can react
with an excess amount of triflic acid or HCI at -78 °C in Et,O
to yield hydrazine (23-31% yields per cobalt atom) as deter-
mined by p-dimethylaminobenzaldehyde colorimetry (Table
2). The similar absorption spectra of the resultant cobalt spe-
cies in their aqueous solutions as that of aqueous solution of

Journal of the American Chemical Society

CoCl, suggests the formation of cobalt(I) species in these
protonation reactions. Moreover, GC analysis on the gas
formed in the protonation reaction indicated the formation of
H, (Figure S54). While the yields of hydrazine are far from
stoichiometry, they are higher than those of the protonation
reactions of some isolable late 3d metal-N, complexes. For
examples, the reaction of [(N(CH,CH,PPh,);)Fe(N,)] with
HBr was reported to afford hydrazine in 11% yield,'" the reac-
tion of [(Si(C¢H4PPh,);)Fe(N,)] with HBF, afforded hydrazine
in 17% yield, % and, in our hands, the reactions of Yamamo-
to’s phosphine-cobalt(-1)-N, complex
[(Ph3P);Co(N,)Li(OEt,);] * with HCI and triflic acid in diethyl
ether gave hydrazine 18% and 3% yields, respectively (Table
2). The high yields of hydrazine obtained in the current study
might be related to strong N, activation of these NHC-cobalt(-
1)-N, complexes as revealed by their spectroscopic data and
calculation study. In contrast, the protonation reactions of the
NHC-cobalt(0)-N, complex [(ICy);Co(N;)] (1) under similar
conditions merely gave hydrazine in trace amounts (Table 2),
which signifies the effect of the oxidation-state of cobalt cen-
ter for the degree of N, activation of the bound ligand. Notably,
in all these reactions, only trace amount of ammonia was de-
tected, which is different from the protonation reactions of
molybdenum-, and tungsten-N, complexes that have ammonia
as the major N-containing products.”’ The attempts to apply
these cobalt-N, complexes as catalysts for the reduction of N,
into hydrazine or ammonia with [H(EtZO)z][BArF4] or
[Ph,NH,][OT{] as the proton source and KC;y as the electron
source were unsuccessful. Among which, only trace amount of
NH; (less than 0.7 equiv. relative to the amount of catalyst)
was formed. The poor catalytic performance might be due to
the sensitivity of these cobalt-NHC ligand toward acid.

Scheme 2. Silylation of N, Mediated by the Cobalt-NHC
Species and the Probable Stoichiometry for the Formation
of the Diazene Complex

Cy SiR R =Me
. I“\J(\:y 2% 4xs. KCs
+ R3SiCl [ NN +x.5. Me;SiCl )
2a & ».—CO\N —— > N(SiMe3)s
toluene “N \ Et;Oin Ar

Cy gy SR,
R = Me, 6a; Et, 6b

2 [(ICy)2Co(Np)2K] + 2 R3SiICl ——
[(ICy)2Co(R3SINNSIR3)] + N2 + 2 KCI + (ICy)2Co(N2),  (eq. 1)

The production of hydrazine hints at the involvement of di-
azenido or diazene complexes as the probable intermediates in
these protonation reactions. While our efforts to isolate the
intermediates via the reactions of the bis(dinitrogen)cobalt(-1)
complexes with one or two equiv. of acids, e.g.
[H(OEt,),][BAr",], HCI, and [HNMe,Ph][BAr",], were futile,
the reactions of 2a with one equiv. of Me;SiCl and Et;SiCl, in
toluene gave green suspensions, from which the cobalt diazene
complexes [(ICy),Co(7*-R;SiNNSiR;)] (R = Me, 6a; Et, 6b)
were isolated as green crystals in 36% and 19% yields (based
on cobalt), respectively, (Scheme 2). A balanced equation for
the production of the diazene complexes points out the in-
volvement of other cobalt species as the byproduct. hile the
attempts to isolate it were unsuccesful, the observation of the
relative higher isolated yield of 6a in the equimolar reaction of
K[(ICy),Co(Ny,),] with Me;SiCl over other stoichiometies is in
line with the equation with (ICy),Co(N,), as the byproduct (eq.
1 in Scheme 2). The attempts to prepare it via the reaction of
2a with [Cp,Fe][BF;] merely led to the isoaltion of
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[(ICy);Co(N,)] (1) in low yields. On the other hand, the
attemps to improve the yield of 2a by adding one equivalent of
KCs to the reaction mixture of 1 with two equiv. of Me;SiCl
did not improve the yield. As a comparison to the silylation
reaction, the interaction of the cobalt(0)-N, complex
[ICy);Co(N,)] (1) with Me;SiCl led to fast evolution of N,
and the cobalt(I) complex [(ICy);CoCl] was identified by 'H
NMR spectroscopy as the major product. This outcome is
different from the formation of the diazenido complex
[(PhB(CH,PPr’,);)Co(NNSiMe;)] in the reaction of the
cobalt(0) complex [(PhB(CH,PPr’);)Co(N,)],Mg(THF), with
Me;SiCl reported by Peters.”” Steric hindrance exerted by the
three cyclo-hexyl groups surrounding the N, moiety in 1 might
account for the failure of silylation of the N, moiety in 1.

a) X 4 b)
‘ |
\ '
i !
Ao [

// 2000 H(G]m 4000

Figure 7. Molecular structure of [(ICy),Co(7>-Et;SiNNSiEt3)] (6b,
left) showing 30% probability ellipsoids and the partial atom
numbering scheme, and the EPR spectrum of 6b measured at 40
K in a toluene glass (right). Selected distances (A) and angles
(deg): Col-Cl 1.9359(17), Col-C1A 1.9358(17), Col-N1
1.8672(15), Col-N1A 1.8672(15), N1-N1A 1.457(3), C1-Col-N1
109.21(7), N1A-Col-N1 45.93(9), C1A-Col-C1 95.89(10). In-
strumental parameters for EPR measurement: v = 9.387 GHz,
modulation frequency = 100 kHz, modulation amplitude = 2 G,
microwave power = 2 mW, time constant = 8§1.92 ms, sweep time
= 240 s. Simulation parameters for the EPR spectrum: S = 1/2, g,
=3.39, g, =222, g3 =1.87; A_Co; = 580 MHz, 4_Co, = 166
MHz, A _Coz =49 MHz; line width lw = 85 G.

9
Mayer bond order: N-N 0.86; Co-N 0.70; Co-C 0.93

Figure 8. Mulliken atomic spin density distribution of
(ICy),Co(Me;SiNNSiMe;) at its S = 1/2 state.

Complexes 6a and 6b have the solution magnetic moments
around 3.0 up that is consistent with those of the reported low-
spin cobalt(II)-NHC complexes.”” As the representative, the
X-band EPR spectrum of 6b in its toluene glass at 40 K was
measured that exhibits signals typical for low-spin square pla-

nar cobalt(Il) species (Figure 7). The spectrum is simulated
nicely as an S = 1/2 system with g values of g, = 3.39, g, =
2.22, and g3 = 1.87, and *’Co nuclear hyperfine splitting of 4,
= 580 MHz, 4, = 166 MHz, and 43 = 49 MHz. X-ray diffrac-
tion studies revealed that 6a and 6b are #°-diazene cobalt
complexes bearing two ICy ligands, being distinct from the
reported diazenido and hydrazido complexes, L,M(;'-NNR)
and L,M('-NNR,) (R = H, alkyl, silyl), respectively, isolated
from N,-functionalization reactions.”* Figure 7 depicts the
structure of 6b, and that of 6a is shown in Figure S7. The di-
azene ligands #>-R;SiNNSiR; in 6a and 6b have the two N
atoms exhibiting pyramidal geometry and being coplanar with
the cobalt center and the C(carbene) atoms, and the two silyl
moieties being a framsoid-alignment. The N-N distances
(1.450(4) and 1.457(3) A, for those in 6a and 6b, respectively)
fall in the range of N-N single bonds. They are comparable to
those of N,H, (1.460 A), [Cp,Zr(5>-PhNNPh)(py)] (1.434(4)
A),*® and [(dmpe),Fe(;”-HNNH)] (1.427(7) A),” and are sig-
nificantly longer than those of Me;SiNNSiMe; (1.226(2) A),”
[CpCo(PMe;)(>-PhNNPh)] (1.367(9) A), ** [(nacnac)Fe(r’-
PhNNPh)] (1.398(2) A), ¥ [(nacnac)Cu(i7*-(ArNNAr)]
(1.352(2) A, Ar = C4H;-3,5-(CFs),), ** and [(Bu'NC),Ni(;’-
PhNNPh)] (1.385(5) A).”' The N-N bonds of the latter com-
pounds are double bond in nature. Consistent with the charac-
terization data, geometry optimization on (ICy),Co(y’-
Me;SiNNSiMe;) at an S = 1/2 state well reproduced the mo-
lecular structure of 6a obtained from X-ray diffraction study
(Table S3). Analyzing the composition of the frontier molecu-
lar orbitals revealed an electronic configuration of
(1) (d,)(d 7)Y (dy)(dy,) ()" for the cobalt complex
(Figure S51) that has the unpaired spin locating essentially on
the cobalt center (Figure 8) and the Mayer bond order of 0.86
of the N-N bond. The calculation results, in addition with the
characterization data, thus, collectively pointed out the identity
of 6a and 6b as low-spin cobalt(Il) complexes bearing dian-
ionic ligands [7°-R;SiNNSiR;]”.

CoHg-2.6-F,

Figure 9. Space-filling models of [(ICy),Co(N,),],
[(MSCNC)Fe(N,),],'® and [(Et,PCH,N(C4H;-2,6-
F,)CH,PEt,),Cr(N,),] '* based on their structures from X-ray
diffraction studies.

As mentioned earlier, diazene complexes were proposed as
the key intermediates in the alternating N, reduction pathway
by nitrogenase and certain iron complexes,7 as well as the N,
dissociation and hydrogenation reaction on silica-supported
isolated tantalum atom.”> While the transformations from the
side-on N,-complexes to diazene complexes are known for
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lanthanides and early transition-metals, the reported N,-
functionalization reactions of late transition-metal N, com-
plexes usually gave the #'-type species L,M('-NNR) and
L.M(7'-NNR,), and pertinent transformation to late transition-
metal diazene complex remained elusive.' It should also be
mentioned that there are a plenty of late transition-metal di-
azene complexes scattering in literature, however, all of them
are prepared from hydrazines or organodiazo compounds,
rather than from N, complexes.33 Thus, the conversion of 2a to
6a and 6b is the first example of the type for late transition-
metal complexes, which gives support to the proposed alter-
nating N, reduction pathways. While the causes leading to the
production of the #’-diazene complexes, instead of 7#'-
diazenido and #'-hydrazido complexes, in the current system
are not clear yet, it seems that the low-coordinate nature of the
NHC-cobalt fragment (ICy),Co seems to play an important
role. Comparing the space-filling models of the bis(dinitrogen)
complexes, the anion [(ICy),Co(N,),] in 2a,
[M“CNC)Fe(N,),],'" and [(Et,PCH,N(C4H;-2,6-
F,)CH,PEL,),Cr(N,),],'"”¢ clearly indicates the stepwisely
increasing of steric shielding on the N, ligands as the
coordination numbers of the metal center increasing from 4 to
5 to 6 in the series of cis-type bis(dinitrogen)metal complexes
(Figure 9). Therefore, we reasoned that the open-coordination
sites on the low-coordinate fragement (ICy),Co might enable
the alternating functionalization of both N atoms of a bound
N, ligand and also the coordination of the reduced N, species
in an n’-fashion over an #'-fashion. As the evidence
supporting this assertion, the single point energies of the 5’
diazene complex (ICy)ZCo(r]Z-Me3SiNNSiMe3) at its ground
spin-state (S = 1/2) are lower than its isomer (ICy),Co(z'-
NN(SiMes),) by 6.9 and 11.4 kcal/mol at the BP and B3LYP
level of theory, respectively.

Scheme 3. Possible Routes for the Production of N,-
Functionalization Products from 2a

[(ICy)2Co(N2)o]
route A *E' ‘ - Nz route B
E=H, SiR, l
E
ICy\ I/.N- ICy\ | o /E
/Co\‘\ —_— Co'—N=N
ICy ICy
side-on-A end-on-A
+E"l+e‘ +E+l+e-
“E
ICy\ ”/N ICy\ - JE
/Co\[\\l — Co'=N—N_
ICy e ICy E
side-on-B end-on-B
+X.8. H+/E “H E= SiMek: ﬁi glg_iMee,
N2H4 N(SlMe3)3

The mechanisms leading to the production of hydrazine and
the diazene complexes from 2a are not clear at this stage. As a
probable route, we propose that both reactions might go via
similar route involving diazenido and diazene species,
(ICy),Co(NNE) (A, E = H, SiR;) and (ICy),Co(ENNE) (B, E
= H, SiRy;), respectively, as the key intermediates (Scheme 3).
The interaction of 2a with a proton or R;SiCl could initially
give diazenido intermediates A. This process is well-known
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for transition-metal-N, complexes." The diazenido species
could then further interact with proton or R;SiCl, in addition
with one reducing equivalent, presumably [(ICy),Co(N,),K],
to produce the diazene species B. In the silylation reaction, B
in the side-on form represents the products 6a and 6b. In the
case of the reaction with acides, further protonation of A could
give hydrazine and cobalt(I) species. It should be stated that
this proposed route is far from conclusive. Important questions,
as to whether the isomers of the diazenido and diazene
intermediates (side-on or end-on form) can interconvert with
each other or not, and whether the N-E (E = H, or SiR;) bond-
forming steps go via nucleophilic attack toward the
electrophiles,” ™ radical rebound with E-, *® *** or proton-
coupled electron-transfer ** for the protonation reaction, need
further study.

Catalytic Silylation of N, Using the NHC-Cobalt Com-
plexes as Catalysts. In addition to the stoichiometric N,-
functionalization reactions, the NHC-cobalt-N, complexes
also proved effective in catalyzing the silylation of N,. As
shown in Table 3, using excess amounts of KCg and Me;SiCl
(2000 equiv. relative to the molar of cobalt) and N, (1 atm.),
the catalytic reaction with [(ICy);Co(N,)] (1) as catalyst at
room temperature in 24 hours can produce N(SiMes); in 19%
yield (relative to Me;SiCl), which equals to a TON of 125(6)
(entry 1). Under similar conditions, the reactions employing
the bis(dinitrogen)cobalt(-1) complexes 2a-2¢, and 4 yielded
N(SiMe;); with comparable yields (15-18%) and TONs (103-
120) (entries 2-5). In addition to the dinitrogen complexes, the
NHC-cobalt(Il) complexes [(ICy)ZCo(r]Z-R3SiNNSiR3)] (6a
and 6b) and (ICy),CoCl, also promote the N, silylation reac-
tions with similar yields and TONs as the cobalt-N, catalysts
(entries 6-8). In these reactions, Me;SiCl was detected at the
major remaining silicon-containing species and the disliane
Me;SiSiMe; as a minor side product (Figure S55). In accord-
ing with Lu’s observation,’® CoCl, in the absence of other
ancillary ligands proved a poor catalyst for the N, silylation
reaction under our reaction conditions (entry 9).

Table 3. Catalytic performance of the NHC-cobalt com-
plexes in catalytic silylation of N,.*

N, + KCg +  MesSiCl N(SiMe3)3
(1 atm.) (2000 equiv./cat) (2000 equiv./cat.) Etzr?'(lg :"-)

entry Cat. TON® I\\{Itglg\/[eg; % )ch

1 1 125(6) 19(1)

2 2a 107(16) 16(3)

3 2b 120 (5) 18(1)

4 2¢ 103(18) 15(3)

5 4 118(16) 18(3)

6 6a 109(7) 16(1)

7 6b 121(16) 18(3)

8¢ (ICy),CoCl,  115(14) 17(2)

94 CoCl, 15(5) 3(1)

“ The reactions were run using 0.005 mmol of the catalyst in 10
ml Et,O with the addition of the reducing reagent prior to catalyst.
TONS and yields were the averaged data of three runs. ® Turnover
numbers were calculated as the molar ratio of N(SiMes); to cobalt.
¢ Yields of N(SiMes); were based on Me;SiCl  and determined by

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

GC with cyclododecane as the internal standard. ¢ 0.010 mmol in
20 ml Et,0.

The reductive silylation of N, to give silylamine is among
the rare methods of catalytic N,-functionalization reactions.
While the seminal report by Shiina’s in 1972 showed that sim-
ple metal salts could serve as precatalyst to give N(SiMe,);
with TONs less than 10,3f recent endeavors have resulted in
the discovery of new catalysts with improved TONSs, e.g.
Nishibayashi’s molybdenum catalyst supported by ferrocene-
bridged bis(phosphine) ligand trans-[(depf),Mo(N,),] (226
equiv. per Mo, or 75 equiv. per metal atom when the two
ferrocene-based ligands are also considered),”*! Lu’s dicobalt
complexes with (triamido-triphosphine) ligation (98 equiv. per
Co),” the cobalt-phosphine catalyst CoCl,/PPr’,Me (94 equiv.
per Co), *® Nishibayashi’s Co,(CO)g/bipyridine (49 equiv. per
Co), " Peters’ iron(0) complex [(Et,-cAAC),Fe] (24 equiv. per
Fe), 1 Meézailles’ molybdenum catalyst
[(P(CH,CH,PCy,);)Mo(NN(SiMe;),)] (15 equiv. per Mo),**
and Ohki’s [Fe4(H-H)4(H3-H)2(N(SiMe3)2)2(PEt3)4] (40 equiV.
per Fe).35 Significantly, the turnover numbers of these NHC-
cobalt catalysts outperform the majority of the reported cata-
lysts, and are exceeded solely by tmns-[(depf)zMo(Nz)z].24d
The fine catalytic performance of the NHC-cobalt complexes
should benefit from the use of NHC ligands, with which, the
aforementioned study has shown the bis(dinitrogen)cobalt(-1)
complexes are accessible and can be transferred to side-on
diazene complexes.

The achievment of the catalytic silylation reaction raised
intersting question as to the relevance of the diazene complex
(ICy),Co(Me;SiNNSiMes) (6a) to the catalytic production of
N(SiMe;);. In order to throw light on this, the reactions of 6a
with reducing reagents and Me;SiCl were examined. Complex
6a proved unreactive toward KCgin THF at room temperature,
and it does not react with Me;SiCl at room temperature either.
However, the reaction of 6a with an excess amount of
Me;SiCl and KCg in diethyl ether under an argon atmosphere
can produce N(SiMe;); in 85% GC yield (Scheme 2 and Fig-
ure S56). These results, in combination with the comparable
catalytic efficiency of 6a as those of (ICy),CoCl, and
[(ICy),Co(N,),M], in the catalytic silylation reaction, point out
that the diazene complex 6a is a possible intermediate for the
cobalt-catalyzed silylation reaction of N,. Mechanistic
questions as to the nature of the genuine catalytic species and
the detailed mechanisms of the cobalt complex-promoted N-Si
bond formation and N-N bond scission reactions are under
investigation.

Conclusion

In this study, the synthesis, structure, reactivity, and catalyt-
ic application in N, silylation of NHC-cobalt-N, complexes
have been investigated. The principle findings are listed as
following.

Upon the reduction of the cobalt(I) complex [(ICy);CoCl]
with one equiv. of KCs in a dinitrogen atmosphere, the 17¢
cobalt(0)-N, complex [(ICy);Co(N,)] has been synthesized.
The further reduction of the cobalt(0)-N, complex by different
alkaline metals under N, led to the formation of novel 18¢
bis(dinitrogen)cobalt(-1) complexes [(ICy),Co(N,),M], M =
K, Rb, Cs). The bis(dinitrogen)cobalt(-1) complexes are
among the rare examples of bis(dinitrogen) metal complexes
of the late transition-metals, and have been fully characterized

by various spectroscopic methods. The long N-N separation
(ca. 1.16 A) and low N-N stretching frequencies suggest
strong activation of their end-on N, ligands.

Reactivity study revealed the bound N, ligands in the NHC-
cobalt(-1) complexes can be converted to other reduced N,
species, which add new rare examples of N,-functionalization
by late transition-metal complexes beyond the iron group. The
protonation reactions of the bis(dinitrogen)cobalt(-1) com-
plexes with triflic acid and anhydrous HCI in ether at low
temperature produce hydrazine, and the reactions of the
bis(dinitrogen)cobalt(-1) complexes with R;SiCl (R = Me, Et)
result in the formation of diazene complexes [(ICy),Co(’-
R3SiNNSIR;)] that represent the first diazene complexes of
late transition-metals prepared from N,-functionalization reac-
tions. The low-coordinate low-valent nature of the NHC-
cobalt fragment (ICy),Co is thought the key factor inducing
the production of the novel r]z-diazene complexes.

Investigation on the catalytic performance of the NHC-
cobalt complexes revealed the capability of the cobalt(0)-N,,
cobalt(-1)-N, and the cobalt(Il) complex (ICy),CoCl, in pro-
moting the reaction of N, with R;SiCl and KCj to afford
N(SiMe;);. Despite of their structure difference, these NHC-
cobalt catalysts exhibit comparable TONs (ca. 120 equiv.
N(SiMe;); per Co) that exceed the known 3d metal-based cata-
lysts. The comparable catalytic performance of these NHC-
cobalt complexes hints at the involvement of common low-
valent cobalt-N, complexes in the catalytic cycle. The unique
performance of the NHC-cobalt complexes in mediating the
stoichiometric and catalytic N, functionalization reactions
points out that the design of new late transition-metal catalysts
for N,-functionalization could embrace ligand sets that could
stabilize low-valent low-coordinate metal species.

Experimental Section

General Considerations. All experiments were performed
under an atmosphere of dry N, with the rigid exclusion of air
and moisture using standard Schlenk techniques, or in a glove-
box. All organic solvents were dried with a solvent purifica-
tion system (Innovative Technology) and bubbled with dry N,
gas prior to use. 1,3-Dicyclohexylimidazol-2-ylidene (ICy) *
and potassium graphite (KCy) 7 were synthesized according to
the literature procedures. All other chemicals were purchased
from chemical vendors and used as received unless otherwise
noted. 'H, °C, and "N NMR spectra were recorded on an Ag-
ilent 400, Bruker DRX400, or Mercury 300 MHz spectrometer.
All chemical shifts were reported in units of ppm with refer-
ences to the residual protons of the deuterated solvents for
proton chemical shifts, the BC of deuterated solvents for car-
bon chemical shifts, the °N of CH;NO, (external standard) for
nitrogen chemical shifts. Elemental analysis was performed by
the Analytical Laboratory of Shanghai Institute of Organic
Chemistry, Chinese Academy of Sciences. Magnetic moments
were measured by the method originally described by Evans
with stock and experimental solutions containing a known
amount of a (CH;);Si0Si(CHs); standard.® IR spectra of solid
samples were recorded with a NICOLET AVATAR 330 FT-
IR spectrophotometer on KBr pallets, and IR spectra of sam-
ples in solution were recorded with METTLER TOLEDO
ReactIR 45m. Absorption spectra were recorded with a Shi-
madzu UV-3600 UV-vis-NIR spectrophotometer. Cyclic volt-
ammetry measurement was made with a CHI 600D potenti-
ostat in THF solution using a sweep rate of 100 mV/s, a
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glassy-carbon working electrode, 0.1 M [Bu",N][PF4] support-
ing electrolyte, and a saturated calomel electrode as reference
electrode. Under these conditions, E,, = 0.55 V for the
[Cp,Fe]” couple. The X-band CW-EPR experiments were
performed on a JEOL spectrometer JES-FA2000 equipped
with a with a liquid nitrogen cryostat system (for 1) and a
Bruker EMX plus spectrometer equipped with a He tempera-

ture control cryostat system (for 6b).

Preparation of [(ICy);CoCl]. To a colorless solution of
ICy (17.8 g, 76.7 mmol) in THF (100 mL) was added CoCl,
(3.30 g, 25.6 mmol) at room temperature. The color of the
mixture changed to clear blue after stirring for 2 hours. Then,
sodium amalgam (25.6 mmol of sodium dissolved in 58.9 g of
mercury) was added to the mixture and the resulting mixture
was further stirred at room temperature for 24 hours. After
which, the color of the mixture changed to brown. The mixture
was then filtered through diatomaceous earth. The filtrate was
concentrated under vacuum to afford a brown residue that was
washed with n-hexane (50 mL) and dried under vacuum to
give (ICy);CoCl as a red solid (12.2 g, 61%). The crystals
suitable for single-crystal X-ray diffraction study were ob-
tained by diffusing n-hexane into its toluene solution at room
temperature. 'H NMR (400 MHz, C¢Ds, 20 °C): 6 (ppm) 53.72
(very br), 19.67 (very br), 16.21 (very br), 5.07 (very br), 0.93
(very br), -3.76 (very br), -18.13 (very br). Magnetic suscepti-
bility (C¢Ds, 294 K): perr= 3.4(1) uB. Absorption spectrum
(THF): Apa nm (e, M'em™) = 257 (7750), 331 (6840), 432
(5890), 781 (245), 1114 (200), 1338 (200). Anal. Caled for
C,4sH7,CICoNg: C, 68.29; H, 9.17; N, 10.62; Found: C, 67.81;
H, 9.03; N, 10.95%.

Preparation of [(ICy);Co(N;)] (1). To a red solution of
(ICy);CoCl (606 mg, 0.77 mmol) in THF (10 mL) was added
KC;q (124 mg, 0.92 mmol) at -78 °C under a dinitrogen atomo-
sphere. The mixture was allowed to warm to room temperature
and stirring for 7 hours. During the course, the color of the
solution changed to dark red. The mixture was then filtered
through diatomaceous earth, and the filtrate was concentrated
under vacuum to remove all the volatiles to afford 1 as a dark
red solid (523 mg, 87%). The crystals of 1 suitable for single-
crystal X-ray diffraction study were obtained by standing its
saturated diethyl ether solution at room temperature overnight.
'H NMR (400 MHz, C¢Dg, 20 °C): § (ppm) 20.37 (very br),
8.76 (Very br), 2.95 (Very br), 1.76 (V1/2 =22 HZ), 0.99 (V1/2 =

48 Hz). Magnetic susceptibility (CsDs, 294 K): per = 2.6(1) uB.

Absorption spectrum (THF): A nm (e, M'em™) = 269
(6185), 331 (5155), 439 (3135), 662 (904), 1275 (230). IR: vny
(KBr) = 1917 cm™, oy (THF) = 1921 ¢cm™'. Anal. Calcd for
C4sH7,CoNg: C, 68.94; H, 9.26; N, 14.29; Found: C, 68.71; H,
9.39; N, 13.70%. The complex [(ICy);Co(N,)] shows decom-
position when standing its C4Dj solution in glove-box at 30 °C
as indicated by apparent color change from red to green.

Preparation of [(ICy),Co(N,),K], (2a). To a dark red solu-
tion of [(ICy);Co(N,)] (1.20 g, 1.48 mmol) in THF (10 mL)
was added potassium metal (69 mg, 1.78 mmol). The color of
the mixture changed from dark red to brownish red after stir-
ring at room temperature for 8 hours. The mixture was filtered
through diatomaceous earth, and the filtrate was concentrated
under vacuum to afford a brownish red residue that was
washed with n-pentane and dried under vacuum to give 2a as a
red solid (340 mg, 37%). The crystals of 2a-0.5 toluene suita-
ble for single-crystal X-ray diffraction study were obtained by
diffusing n-hexane into its toluene solution at room tempera-
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ture. 'H NMR (400 MHz, dg-THF, 21 °C): 6 (ppm) 6.76 (br,
4H), 4.95 (br, 4H), 1.99 (br, 8H), 1.69-1.53 (br, 23H, overlap
with residual solvent peaks), 1.35-1.16 (br, 14H, overlap with
residual solvent peaks). C NMR (101 MHz, ds-THF, 21 °C):
5 (ppm) 211.1, 113.6, 56.25, 34.00, 25.94, 25.87. "N NMR
(40.56 MHz, C;,Dy/THF (1/1, v/v), 27 °C): J (ppm) -33.23, -
55.54. Absorption spectrum (THF): A, nm (e, M'em™) =
269 (9566), 316 (7294), 595 (1267), 656 (1014). IR: vy (KBr)
= 1807 and 1881 cm™, vyy (THF) = 1817 and 1890 cm™. De-
spite of several attempts, satisfied elemental analysis on the C,
H and N content of the complex has not been obtained. The
complex shows decomposition when standing its C¢Dg solu-
tion in glove-box at room temperature overnight as indicated
by apparent color change from red to brown.

Preparation of [(ICy),Co(N,),Rb], (2b). To a dark red so-
Iution of [(ICy);Co(N,)] (1.10 g, 1.40 mmol) in THF (10 mL)
was added Rb (146 mg, 1.70 mmol). The color of the mixture
changed from dark red to brownish red after stirring at room
temperature for 8 hours. The mixture was then filtered through
diatomaceous earth, and the filtrate was concentrated under
vacuum to afford a brownish red residue that was washed with
n-pentane and dried under vacuum to give 2b as a red solid
(390 mg, 42%). The crystals of 2b-0.5 toluene suitable for
single-crystal X-ray diffraction study were obtained by diffus-
ing n-hexane into its toluene solution at room temperature. 'H
NMR (400 MHz, dg-THF, 21 °C): 6 (ppm) 6.75 (br, 4H), 4.96
(br, 4H), 1.99 (br, 8H), 1.54 (br, 27H, overlap with residual
solvent peaks), 1.35-1.17 (br, 16H, overlap with residual sol-
vent peaks). °C NMR (101 MHz, ds-THF, 21 °C): 6 (ppm)
214.8, 117.2, 59.93, 37.70, 29.55 (two overlapping peaks).
Absorption spectrum (THF): Ay, nm (e, M'em™) = 260
(8539), 324 (7427), 479 (3397), 681 (1224). IR: oxy (KBr) =
1804 and 1888 cm™, vy (THF) = 1816 and 1891 cm™. Anal.
Calcd for C67H104C02N16Rb2 ([(ICy)ZCO(Nz)sz]ertOluene): C,
56.57; H, 7.37; N, 15.75; Found: C, 56.35; H, 7.42; N, 15.95%.

Preparation of [(ICy),Co(N,),Cs], (2¢). To a dark red so-
Iution of [(ICy);Co(N,)] (1.0 g, 1.30 mmol) in THF (10 mL)
was added Cs (223 mg, 1.70 mmol). The color of the mixture
changed from dark red to brownish red after stirring at room
temperature for 8 hours. The mixture was then filtered through
diatomaceous earth, and the filtrate was concentrated under
vacuum to afford a brownish red residue that was washed with
n-pentane and dried under vacuum to give 2¢ as a red solid
(591 mg, 64%). The crystals of 2¢-0.5 Et,0 suitable for sin-
gle-crystal X-ray diffraction study were obtained by diffusing
diethyl ether into its THF solution at room temperature. 'H
NMR (400 MHz, dg-THF, 21 °C): 6 (ppm) 6.78 (br, 4H), 4.94
(br, 4H), 1.97 (br, 8H), 1.54 (br, 27H, overlap with residual
solvent peaks), 1.35-1.16 (br, 15H, overlap with residual sol-
vent peaks). "C NMR (101 MHz, ds-THF, 21 °C): 6 (ppm)
214.6, 117.5, 59.99, 37.73, 29.58, 29.51. "N NMR (40.56
MHz, CsD¢/THF (1/1, v/v), 27 °C): J (ppm) -31.96, -56.23.
Absorption spectrum (THF): Ay, nm (¢, M'em™) = 266
(8510), 314 (7639), 496 (2761), 691 (1408). IR: vy (KBr) =
1811 and 1882 cm™, vy (THF) = 1817 and 1894 cm™. Anal.
Calcd for C64H106C02CSZN160 ([ICyZCO(Nz)ZCS]2+Et20): C,
51.27; H, 7.13; N, 14.95; Found: C, 51.25; H, 6.67; N, 14.42%.

Preparation of [(ICy);Co][BF,] (3). Method A. To a dark
red solution of [(ICy);Co(N,)] (425 mg, 0.54 mmol) in THF
(10 mL) was added [Cp,Fe][BF,] (148 mg, 0.54 mmol). The
color of the mixture turned into deep red after stirring at room
temperature for 4 hours. The mixture was then concentrated
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under vacuum to afford a red residue which was washed with
n-hexane (10 mL) and Et,O (10 mL) to give 3 as a red solid
(370 mg, 81%). 'H NMR (400 MHz, ds-THF, 19 °C): 6 (ppm)
42.44 (vi, = 16 Hz), -1.91 (very br), -2.79 (vi, = 34 Hz), -3.14
(very br), -3.16 (very br), -4.31 (very br), -10.79 (very br), -
54.66 (v, = 188 Hz). Magnetic susceptibility (C¢Dg, 294 K):
Uerr= 3.6(1) uB. Absorption spectrum (THF): A, nm (g, M’
'em™) = 265 (9290), 292 (7590), 353 (5470), 494 (1990), 785
(164), 1093 (74), 1872 (204). The IR spectra of
[(ICy);Co][BF,] in solid (KBr) did not show obvious peak in
the range between 2300 and 1700 cm™. Anal. Caled for
C4sH7,BF,CoNg: C, 64.13; H, 8.61; N, 9.97; Found: C, 63.92;
H, 8.54; N, 9.87%. Method B. To a red solution of
[(ICy);CoCl] (330 mg, 0.42 mmol) in THF (10 ml) was added
NaBF, (68 mg, 0.50 mmol). The mixture was stirred at room
temperature for 12 hours, and then filtered through diatoma-
ceous earth. The solution was concentrated under vacuum to
afford a red residue that was dissolved in THF (5 mL). Diffu-
sion of diethyl ether into the THF solution led to the precipita-
tion of 3 as a red crystalline solid (269 mg, 69%). The 'H
NMR spectrum of the sample prepared in this way is identical
to that prepared via Method A.

Preparation of [(ICy),Co(N;),K(18-C-6)] (4). To a red so-
Iution of [(ICy),Co(N,),K], (152 mg, 0.25 mmol) in THF (10
mL) was added 18-crown-6 (78 mg, 0.30 mmol). The mixture
was stirred at room temperature for 4 hours and then concen-
trated under vacuum to afford a red residue. The residue was
washed with n-hexane (10 mL), and dried under vacuum to
give 4 as a red solid (154 mg, 71%). The crystals of 4 suitable
for single-crystal X-ray diffraction study were obtained by
diffusing n-hexane into its toluene solution at room tempera-
ture. 'H NMR (300 MHz, C¢Ds, 29 °C): 6 (ppm) 6.87 (s, 4H),
5.40 (t, J=11.2 Hz, 4H), 3.33 (s, 24H), 2.43 (d, J= 10.5, 8H),
1.75 (m, 22H, overlap with solvent peaks), 1.48 (m, 9H, over-
lap with solvent peaks), 1.23 (m, 5H, overlap with solvent
peaks); "C NMR (75 MHz, C¢Dg, 29 °C): & (ppm) 213.2,
114.4, 69.83, 56.80, 34.77, 26.67, 26.56. Absorption spectrum
(THF): Amaw nm (g, Mem™) = 262 (8115), 326 (6074), 505
(1912), 690 (1116). IR: vyy (KBr) = 1812 and 1892 cm™, vy

(THF) = 1828 and 1906 cm™. Anal. Caled for CyH;,CoKNgOg:

C, 57.12; H, 8.22; N, 12.69; Found: C, 57.59; H, 8.23; N,
12.33%.

Preparation of [(ICy),Co(Me;SiNNSiMe;)] (6a). To a red
solution of [(ICy),Co(N;),K], (500 mg, 0.81 mmol) in toluene
(10 mL) was added Me;SiCl (105 mg, 0.97 mmol) at -78 °C.
The mixture was allowed to warm to room temperature and
stirred for overnight. During the course, the color of the mix-
ture changed from red to light green. The mixture was then
filtered through diatomaceous earth and the filtrate was con-
centrated under vacuum to afford a green residue that was
washed with n-hexane and dried under vacuum to give 6a as a
green solid (205 mg, 36%). The crystals of 6a suitable for
single-crystal X-ray diffraction study were obtained by diffus-
ing n-hexane into its toluene solution at room temperature. 'H
NMR (400 MHz, C¢Ds, 21 °C): J (ppm) 35.79 (very br), 30.60
(V1/2 =56 HZ), 16.03 (V1/2 =34 HZ), 14.16 (V1/2 =35 HZ), 4.65
(vip = 53 Hz), 3.83 (very br), 3.72 (very br), 1.88 (vi, = 33
Hz), -0.10 (v, = 24 Hz), -0.38 (very br), -1.26 (v, =28 Hz), -
1.87 (vi, = 56 Hz), -4.13 (v, = 46 Hz), -4.62 (v, = 40 Hz), -
4.86 (V1/2 =36 HZ), -6.40 (V1/2 =44 HZ), -7.73 (V1/2 =47 HZ), -
8.11 (vip =36 Hz), -8.55 (v, = 51 Hz), -10.08 (v, = 39 Hz), -
13.65 (V1/2 =49 HZ), -15.28 (V1/2 =51 HZ), -24.32 (V1/2 =58
Hz), -89.12 (v, = 181 Hz). Magnetic susceptibility (C¢Dg, 294

K): pter=3.0(2) uB. Absorption spectrum (hexane): Ay, nm (g,
M'em™) = 269 (6631), 326 (2921), 450 (1384), 574 (1092),
679 (984). Anal. Calcd for C3¢HgsCoNgSiy: C, 61.94; H, 9.53;
N, 12.04; Found: C, 61.62; H, 9.48; N, 11.36%.

Preparation of [(ICy),Co(Et;SiNNSIiEt;)] (6b). To a red
solution of [(ICy),Co(N;),K], (300 mg, 0.49 mmol) in toluene
(10 mL) was added Et;SiCl (80 mg, 0.53 mmol) at -78 °C. The
mixture was allowed to warm to room temperature and stirred
for overnight. During the course, the color of the mixture
changed from red to light green. The mixture was then filtered
through diatomaceous earth and the filtrate was concentrated
under vacuum to afford a green residue. Redissolving the resi-
due in n-hexane (2 mL) gavea green solution that was stand-
ing at -29 °C for days to give 6b as a green crystalline solid
(75 mg, 19%). '"H NMR (400 MHz, C¢D, 21 °C): § (ppm)
40.02 (very br), 31.41 (vi, = 54 Hz), 17.21 (v;, = 12 Hz),
14.21 (v, = 32 Hz), 7.59 (br), 7.57 (br), 6.00 (v, = 18 Hz),
4.47 (V1/2 =11 HZ), 4.01 (V1/2 =34 HZ), 3.11 (V1/2 =28 HZ),
2.53 (br), 2.50 (br), 1.35 (very br), -0.02 (v;, = 23 Hz), -2.45
(vip =37 Hz), -3.52 (br), -3.55 (br), -4.11 (v;, = 28 Hz), -5.28
(vip =37 Hz), -5.61 (v;,, = 52 Hz), -6.23 (v, = 23 Hz), -6.70
(V1/2 =35 HZ), -8.81 (V1/2 =31 HZ), -9.47 (V1/2 =31 HZ), -10.44
(vip = 43 Hz), -16.35 (vi, = 37 Hz), -18.17 (vi, = 53 Hz), -
72.58 (very br). Magnetic susceptibility (C¢Dg, 294 K): perr =
2.9(1) uB. Absorption spectrum (hexane): Ay, nm (g, M'cm™)
=239 (10940), 284 (7269), 327 (4710), 446 (2110), 571 (533),
674 (944). Anal. Calcd for C4,H;5CoNgSiy: C, 64.49; H, 10.05;
N, 10.74; Found: C, 64.88; H, 10.37; N, 10.83%.

Procedure for the 14Nz-lsNz Exchange Experiments of
Solid Sample. The crystalline solid of the N, complex (1, ca.
10 mg) was ground up into a fine powder, and added to 10 mL
Schlenk flask. The sample was subjected to vacuum for one
minute and then a °N, atmosphere (2.4 atm.) was introduced.
The sample was further kept under the "°N, at room tempera-
ture for 14 hours. Their IR spectra indicated the occurrence of
"N,-"N, exchange (Figures S20).

General Procedures for the "“N,-"N, Exchange Experi-
ments of Solution Samples. The crystalline solid of (2a-2¢, or
4, ca. 30 mg) was ground up into a fine powder, and added to
10 mL Schlenk flask. THF (3 ml) was then added to dissolve
the sample. The mixture was subjected to a flash vacuum and
then a "°N, atmosphere (2.4 atm.) was introduced. The solution
was standing under the 15N2 at room temperature for 14 hours,
and the IR spectrum of the solution indicated the occurrence of
"N,-"N, exchange (Figures S23, $26, S29 and S32).

General Procedures for the Protonation Reaction of the
Cobalt-N, Complexes. To a solution of a cobalt-N, complex
(0.08 mmol) in Et,O (2 mL) at -78 °C were added acid (HCI in
diethyl ether or TfOH, 1.28 mmol) or room temperature. The
mixture was stirred for 2 hours and then extracted with water
trice (3 x 3 mL). The content of NH; and N,H, of the colorless
aqueous solution was analyzed by colorimetric methods,”” *
and the results are compiled in Table 2.

General Procedures for the Catalytic Reductive Silyla-
tion of N, Using NHC-Cobalt Complexes as Catalysts. A
50 mL flask was charged with KCg (1.35 g, 10 mmol), NHC-
cobalt complexes (0.005 mmol) and Me;SiCl (1.08 g, 10
mmol). Et;,0O (10 mL) was then added. The reaction mixture
was stirred at room temperature for 24 hours under 1 atm of
N, and then filtered through diatomaceous earth. The filtrate
was concentrated under vacuum to ca. 5 mL and cyclododec-
ane (68 mg, 0.40 mmol) was added as an internal standard.
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The mixture was then subjected to GC analysis to qualify the
yield of N(SiMe;);. The yields are compiled in Table 3.

Reaction of [(ICy),Co(Me;SiNNSiMe;)] (6a) with
Me;SiCl and KC; under an Argon Atmosphere. A 50 mL
flask was charged with [(ICy),Co(Me;SiNNSiMe;)] (6a) (75
mg, 0.11 mmol), Me;SiCl (5.8 g, 53 mmol), KCs (7.1 g, 53
mmol), and Et,0 (10 mL) under an argon atmosphere. The
brownish yellow suspension was kept stirring at room temper-
ature for 24 hours and then filtered through diatomaceous
earth. The brown filtrate was concentrated under vacuum to
ca. 5 mL and cyclododecane (12 mg, 0.07 mmol) was added
as the internal standard. The mixture was then subjected to GC
analysis to qualify the yield of N(SiMes);. Figure S56 shows
the GC graph. The GC yield of N(SiMes); was 85% (relative
to nitrogen).

X-Ray Structure Determination. The structures of nine

complexes [(ICy);CoCl], [(ICy);Co(Ny)] (1),
[(ICy),Co(N,),K],(0.5 toluene), (2a-0.5 toluene),
[(ICy),Co(N,),Rb],-(0.5 toluene),  (2b-0.5 toluene),

[(ICy);Co(N2),Cs],+(0.5 Et;O), (2¢-0.5 Et,0), [(ICy);Co][BF,]
(3), [(ICy)2Co(N2),K(18-C-6)] (4), [(ICy).Co(Me;SiNNSiMe;)]
(6a), and [(ICy),Co(Et;SiNNSi Et;)] (6b) in Tables S1 and S2
were determined. Crystals were coated with Paratone-N oil
and mounted on a Bruker APEX CCD based diffractometer
equipped with an Oxford low-temperature apparatus. Cell
parameters were retrieved with SMART software and refined
using SAINT software on all reflections. Data integration was
performed with SAINT, which corrects for Lorentz-
polarization and decay. Absorption corrections were applied
using SADABS.*' Space groups were assigned unambiguously
by analysis of symmetry and systematic absences determined
by XPREP. All structures were solved and refined using
SHELXTL.* The metal and first coordination sphere atoms
were located from direct-methods £ maps. Non-hydrogen at-
oms were found in alternating difference Fourier synthesis and
least-squares refinement cycles and during the final cycles
were refined anisotropically. Final crystal parameters and
agreement factors are reported in Tables S1 and S2.

Computational Details. Density functional theory® studies
have been performed with the ORCA 3.03 program®' using the
BP* and B3LYP* method. The SVP basis set*’ was used for
the N, C and H atoms, and the TZVP basis set™ was used for
the Co and N atoms. The RIJCOSX approximation®’ with
matching auxiliary basis sets *”*° was employed to accelerate
the calculations. Geometry optimization on (ICy);Co(N,),
[(ICy),Co(N,),]", (ICy),Co(Me;SiNNSiMe;), and
(ICy),Co(NN(SiMes),) were performed and TIGHTSCF was
used for SCF calculations.** The qualitative MO schemes are
shown in Figures S48, and S50-S52, and the single point ener-
gies of (ICy),Co(Me;SiNNSiMe;) and (ICy),Co(NN(SiMes),)
are compile in Table S3. Coordinates of the calculated struc-
ture are included in the Supporting Information.
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