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ABSTRACT: The low-coordinate monovalent cobalt complex
(IPr)Co[N(SiMe3)DIPP] [2, IPr = 1,3-bis(2,6-diisopropylphenyl)-
imidazol-2-ylidene; DIPP = 2,6-diisopropylphenyl], supported by
bulky amide and N-heterocyclic carbene (NHC) ligands and its 9-
diazofluorene (FluN2) adduct (IPr)Co[N(SiMe3)DIPP](FluN2)
(3) are described. Complex 3 was characterized as possessing a
high-spin divalent cobalt center antiferromagnetically coupled to a
ligand-based radical, resulting in an overall triplet spin ground state
(S = 1). Both 2 and 3 are catalyst precursors for the homocoupling
of FluN2 in benzene under ambient conditions to produce 1,2-
di(9H-fluoren-9-ylidene)hydrazine (8) and 9,9′-bifluorenylidene
(9) in a ratio of 1:8.1. A switch in product selectivity was observed for the reaction in the polar solvent tetrahydrofuran (THF), or in
the presence of exogenous good L-type ligands such as tert-butylnitrile, to generate the corresponding hydrazine 8 as the major
product. A mechanistic study was carried out to rationalize the observed product distributions. The reaction exhibits first-order rate
dependence on both the FluN2 and cobalt catalyst (2) concentrations (monitored by 1H NMR spectroscopy), and 3 was identified
as the catalytic resting state. Theoretical calculations were carried out to simulate the production of hydrazine 8 and olefin 9. The
result predicted turnover frequencies (TOFs) of 4.6 × 10−7 and 2.3 × 10−6 s−1 for the generation of 8 and 9 in benzene, respectively,
in good agreement with the experimentally observed product ratio. Modeling the reaction in media with higher polarity such as THF
resulted in a more favorable kinetic barrier toward the formation of hydrazine 8 due to the stabilization of the more polar C−N
bond-forming transition state (8, TOF = 2.6 × 10−5 s−1 vs 9, TOF = 6.4 × 10−6 s−1, in THF). Moreover, simulation of the potential
energy surface with a coordinated L-type donor, such as acetonitrile, suggests that the selectivity switch could also result from a
modified ligand field, rendering diazoalkane adduct 3 more nucleophilic and lowering the barrier of rate-limiting C−N bond
formation to give hydrazine 8.
KEYWORDS: low-coordinate, switchable selectivity, diazoalkane coupling, cobalt, mechanistic study

1. INTRODUCTION

Product selectivity is a critical property that defines the utility
of a catalyst, and it is a primary consideration in the design of
new catalytic processes.1−6 Thus, an important aspect of
catalyst discovery concerns the use of mechanistic information
in tuning the reactivity of key intermediates to favor the
generation of the desired product over possible side reactions.
While the exclusive formation of a given product usually
defines the effectiveness of a chemical transformation, the
switchability of reaction pathways between different outcomes,
depending on conditions such as exogenous additives, reaction
temperature, irradiation wavelengths, and solvent identity, has
attracted significant interest.5−11 The prospect of obtaining
different products from the same set of reactants and catalysts
by simply changing reaction conditions suggests new directions
for practical applications of catalysis in chemistry and chemical
engineering.
Among the various possibilities for enabling switchable

selectivity with transition metal catalysts, changes in the

solvent are relatively easy to employ since the reaction medium
greatly influences reactant solubility and can profoundly
impact the energetics of alternative reaction pathways.6,7

Importantly, coordinating solvents may bind to catalytic
metal centers, resulting in different coordination spheres that
differ substantially in steric and electronic properties.12,13

These effects are well-known in transition metal-catalyzed
cross-coupling reactions,6 as in the switchable activation of Cl-
vs OTf- groups in Suzuki couplings.14−16

Most reports of switchable catalytic selectivity involve
second- and third-row late transition metal centers, where
two-electron processes dominate the reaction mecha-
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nism.6,14−18 First-row metal complexes are less well-studied in
this regard, probably due to their distinct chemical properties
such as (1) the high-spin electronic configurations associated
with the small ligand field splitting in the 3d manifold, (2)
facile spin-state changes resulting from perturbations to the
ligand field, and (3) reaction patterns dominated by the single-
electron chemistry often associated with base metals.19−24

Thus, studies of switchable reaction selectivity for base metal
catalysts can provide meaningful guidance for the future design
of versatile transformations.
Previous work from this laboratory demonstrated the high

reactivity and productive catalysis for two-coordinate com-
plexes of 3d metals in hydrosilylation,25 Kumada coupling,26

and alkyne trimerization.27 Here, we present the synthesis and
characterization of a low-valent, two-coordinate cobalt
complex, as well as its diazoalkane adduct, supported by
bulky amido and N-heterocyclic carbene ligands. The
electronic structures of these complexes were studied, and

their ability to catalyze the coupling of a diazoalkane is
described. This coupling can lead to primarily alkene or
hydrazine generation, and the catalytic selectivity can be
altered by tuning solvent properties or by adding exogenous L-
type donors.28 The reaction mechanism was experimentally
and theoretically investigated to probe the origin of the
observed selectivity switch.

■ RESULTS AND DISCUSSION
Low-Coordinate Co(I) Complex (IPr)Co[N(SiMe3)DIPP]

(2). Given our previous report of the two-coordinate iron
complex (IPr)Fe[N(SiMe3)DIPP] and its catalytic efficacy in
alkyne trimerization, it was of interest to prepare the cobalt
congener and examine its potential catalytic properties.27,29,30

Synthesis of the heteroleptic two-coordinate CoI complex
follows the one-pot reaction sequence used to prepare the
analogous Fe complex.27 The CoII bis(amido) species
Co[N(SiMe3)DIPP]2 (1), prepared according to the literature

Scheme 1

Figure 1. Solid-state molecular structure for (a) (IPr)Co[N(SiMe3)DIPP] (2) and (b) (IPr)Co[N(SiMe3)DIPP](FluN2) (3) with thermal
ellipsoids at 50% probability level. Color scheme: Co, aquamarine; N, blue; C, gray; Si, orange. (c) Spin density plot of 3 derived from density
functional theory (DFT) calculations (ωB97X-D/BS1)47 indicating a high-spin divalent cobalt center (S = 3/2) antiferromagnetically coupled to a
ligand-based radical (S = −1/2), yielding an overall triplet spin ground state (S = 1).39,46
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procedure,31 was treated with one equiv of NEt3·HCl in
tetrahydrofuran (THF) at ambient temperature (25 °C). Next,
a THF solution of 1 equiv of IPr was added dropwise to the
same reaction mixture, followed by 1.05 equiv of KC8 at −30
°C, resulting in a dark yellow solution (Scheme 1). Workup
and crystallization from a hexamethyldisiloxane/toluene
solution gave plate-shaped yellow-orange crystals in 73%
yield. Single-crystal X-ray diffraction analysis revealed the
product as (IPr)Co[N(SiMe3)DIPP] (2, Figure 1a), which
exhibits Co−N and Co−C bond lengths of 1.863(5) and
1.936(6) Å, respectively, similar to those reported for
(IPr)Co[N(SiMe3)2].

30 The bond lengths are slightly shorter
than those reported for the analogous Fe complex27 and
slightly longer than those for the Ni analogue.32 A presumed
reaction mechanism for the formation of 2 is given in Scheme
1.
Compound 2 is indefinitely stable in the solid state under

nitrogen at ambient temperature, showing no sign of
decomposition by 1H NMR spectroscopy after several months.
Analysis of 2 by the Evans method33 led to a surprisingly high
magnetic moment of 4.8 μB, which is significantly larger than
the expected spin-only value of 2.8 μB for a high-spin d8

electronic configuration. This enhanced moment is attributable
to spin−orbit coupling frequently seen in open-shell two-
coordinate complexes and has been observed for linear cobalt
species,34,35 though interestingly, not for the isoelectronic NiII

species Ni[N(SiMe3)(DIPP)]2 with a similar coordination
geometry (2.67 μB).

25

Isolation and Electronic Structure Characterization of
a Diazoalkane Adduct.With a well-characterized, low-valent
cobalt species in hand, its reducing character toward
unsaturated organic molecules was investigated. Diazoalkanes
are of interest as substrates known to exhibit divergent
reactivity with cobalt complexes.36,37 Binding of the terminal N
atom to cobalt leads to the formation of reduced ligand species
such as the β-diketiminate-supported CoII diazoalkane radical
an ion complex (LCo(N2CPh2) , L = {[(Dipp)-
NCtBu]2CH}

−),38,39 whereas interaction of cobalt with the
diazo-C atom can result in N2 expulsion40−42 to form the
carbene complex as in Co(OR)2(CPh2) (R = CPh(tBu)2).

40,43

Slow addition of 1 equiv of FluN2 to 2 in Et2O by dropwise
addition at ambient temperature resulted in an immediate
color change from light yellow to dark orange. Plate-like dark

orange crystals were obtained in 81% yield after workup, and
X-ray crystallography revealed this product to be the terminal
diazoalkane adduct (IPr)Co[N(SiMe3)DIPP](N2Flu) (3).
The Co center exists in an approximate trigonal planar
geometry (Figure 1b, ∑∠@Co = 359.9°). The diazo fragment
displays significant bending [∠Ndiazo−Ndiazo−C = 140.1(6)°]
with elongation of the Ndiazo−Ndiazo bond (1.216(6) Å) and a
Ndiazo−C bond length of 1.304(7) Å. For comparison, free
FluN2 exhibits analogous bond lengths of 1.126(4) and
1.324(4) Å in the solid state, respectively.44 Depending on
the bond metrics, diazoalkane ligands can be classified as
neutral, dianionic (hydrazonido), or more rarely, monoanionic
(a radical anion), and these electronic structures dictate
available reaction pathways (e.g., involving C−N or N−N
bond cleavage).38,39,45 In this context, low-coordinate cobalt
diazoalkane adducts should be particularly interesting, given
their tendency toward high-spin configurations with unpaired
electron density due to low ligand field strength.38,39 The
geometry of 3 closely resembles that observed by Holland and
co-workers in 4 (Figure 2), suggesting a similar single-electron
reduction of the diazo fragment and radical anion character for
the FluN2 ligand (Figure 1c).39,46

To further probe the frontier molecular orbital structure of
diazoalkane adduct 3, density functional theory (DFT)
calculations were carried out starting from coordinates for
the solid-state structure (see Supporting Information for the
Computational Details). Our computational results indicated
that 3 features a triplet ground state (Table S15) and is spin-
contaminated with an expectation value of the electron spin
angular momentum ⟨S2⟩ of 2.75. The computed bond lengths
are in good agreement with the experimental values. For
example, the Co−Ndiazo bond distance was calculated as 1.86 Å
(1.793(5) Å from the experiment), while the Ndiazo−Ndiazo and
Ndiazo−C bond distances were 1.22 and 1.31 Å, respectively
(1.216(6) and 1.304(7) Å from the experiment). Moreover,
the ∠Co−Ndiazo−Ndiazo and ∠Ndiazo−Ndiazo−C bond angles are
computed to be 149.0 and 135.4°, respectively, consistent with
the X-ray crystallographic structure of 3 (Figure 2) and the
presence of diazoalkane radical anion character. Thus, the
maximally paired electrons for the α- and β-spin manifolds
were computed. These indicated an overlap integral of 0.55,
similar to the value reported by Holland and co-workers (cf.
0.67, Figure S7).39 Furthermore, both the Mulliken spin

Figure 2. Structurally characterized cobalt diazoalkane adducts (relevant bond lengths and angles noted in blue and red, respectively).37−39,48−51
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population on cobalt (ρCo = 2.53, Figure 1c) and the localized
orbital bonding analysis (LOBA) imply that the cobalt center
is in a formal +2 oxidation state (Figure S8). Based on the
experimental and computational data, we proposed that 3 is
best described as a high-spin divalent cobalt center that is
antiferromagnetically coupled to one unpaired electron on the
diazoalkane fragment, yielding an overall triplet spin ground
state (S = 1, Figure 1c).46 Indeed, analysis of 3 by the Evans
method led to a magnetic moment of 2.5 μB, in good
agreement with the spin-only magnetic moment of 2.8 μB for
triplet systems. Accordingly, all calculations in this study have
been performed on the triplet potential energy surface.
Catalytic Diazoalkane Coupling Reaction Using

Complexes 2 and 3. Compound 3 is thermally stable in
benzene-d6 at 80 °C for at least 16 h; however, dropwise
treatment of 3 with one additional equivalent of FluN2 in
benzene-d6 under ambient conditions led to the vigorous
evolution of a gas. The 1H NMR spectrum taken after the
bubbling had ceased showed complete conversion of FluN2
and the formation of the corresponding hydrazine (8) and
alkene (9) products in 11 and 89% yields, respectively, without
any consumption of diazoalkane adduct 3 (Scheme 2). This
stoichiometric reaction suggested that the homocouplings of
FluN2 to generate 8 and 9 could be catalyzed by either 2 or 3,
and 3 is more thermodynamically favorable to catalytic
turnover to regenerate 2. Indeed, treatment of 2 with 50
equiv of FluN2 in benzene-d6 at ambient temperature led to an
instantaneous color change to dark orange (3) along with
strong effervescence. Monitoring the reaction by 1H NMR
spectroscopy showed full consumption of FluN2 over 3 h,
resulting in the formation of 8 and 9 in 11 and 89% yield,
respectively (by 1H NMR spectroscopy), along with the
generation of 3.

Given the favored production of olefin 9 compared to
hydrazine 8 in benzene-d6, the effects of the solvent on the
product distribution were investigated. Interestingly, in THF,
the catalysis also led to full conversion of FluN2 in 3 h under
ambient conditions. Analysis of the resulting product mixture
by 1H NMR spectroscopy surprisingly revealed the exclusive
and quantitative formation of hydrazine 8, in contrast to the
result obtained from benzene-d6. We considered two potential
explanations for the observed solvent effect: (1) a more polar
reaction medium (THF) provides greater stabilization for
more polar transition states or intermediates to reverse the
energetic preference for 8 vs 9,6,17 and/or (2) coordination of
THF to the cobalt center alters the electronic structure and
primary coordination environment of a key intermediate,
leading to a switch in product selectivity.28,35

To probe the possible effects derived from changes in the
metal coordination sphere, the catalysis was monitored in
benzene-d6 in the presence of various equimolar amounts of
exogenous L-type donors (Table 1). While the presence of a
weak donor such as cyclopentene did not influence the
reaction outcome, significant effects were observed for stronger
ligands such as N,N-dimethylallylamine and tert-butylnitrile,
leading to 8/9 ratios of 1:1 and 3:1, respectively. These results
suggest that the coordinating ability of good L-type donors
such as organonitriles contributes to the observed selectivity
switch.

Mechanism of Diazoalkane Coupling Catalysis. To
elucidate the mechanism of this homocoupling transformation
and shed light on the underlying principles responsible for the
observed switch in product distribution, the kinetics of this
catalytic transformation was probed both experimentally via 1H
NMR kinetics and theoretically using DFT calculations. To
establish the dependence of the rate on FluN2 concentration,
14.3 equiv of FluN2 was combined with 2 in 1 mL of benzene-

Scheme 2

Table 1. Effect of L-Type Donor on the Product Distribution

L-type donor amount ratio of 8:9a

noneb N/A 11:89
THFc solvent 100:0
cyclopenteneb 1 equiv 11:89
N,N-dimethylallylamineb 1 equiv 50:50
tert-butylnitrileb 1 equiv 75:25

aProduct ratio determined by 1H NMR analysis. bC6D6 used as reaction solvent. cTHF used as reaction solvent.
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d6 (7 mol % catalyst loading), and the concentration of FluN2
was monitored by 1H NMR spectroscopy. A linear relationship
was obtained for the natural log of substrate consumption over
time (Figure 3), indicating a first-order dependence of the

reaction rate on FluN2 concentration.53 To determine the
reaction order in catalyst 2, similar experiments were carried
out using various catalyst concentrations from 2.8 to 14 mol %.
Plotting the kobs values obtained from each run versus catalyst
loading revealed a linear relationship (Figure 4), reflecting a

first-order dependence of the reaction rate on catalyst
concentration.53 Each kinetic experiment was reproduced in
triplicate, and error bars were plotted using the standard
deviations. The 1H NMR spectra during each catalytic run
indicated complete conversion of 2 into diazoalkane adduct 3
at the beginning of the catalysis, and the product ratios
between 8 and 9 were consistent across all kinetic runs.
Furthermore, analysis of the spectra indicated that no
additional catalytic intermediates (other than 3) were observed
during the catalysis. Thus, we concluded that 3 is the resting
state of the catalyst during the transformation.

With the establishment of the experimentally determined
rate law, we sought to use theory to study the elementary steps
leading to the two products and pinpoint the origin of the
observed selectivity switch. Therefore, the reaction pathways
giving rise to 8 and 9 were simulated in the nonpolar medium
benzene (ε = 2.2706) and in the polar environment with THF
solvent (ε = 7.4257), in the absence of any solvent
coordination to solely examine the role of solvent polarity.52

Sequentially, the same pathways were modeled with exogenous
L-type donors, such as THF and acetonitrile, bound to the
cobalt center to probe the effects derived from changes in the
metal coordination sphere. Note that all Gibbs free energies
(ΔG) reflect the relative differences with respect to the
separated catalyst 2 and FluN2.
To simulate the conversion of FluN2 to 8 and 9 in benzene,

the initial formation of the resting state 3 was first calculated.
This process is energetically downhill by 5.9 kcal/mol relative
to the separated reactants, consistent with experimental data.
Since the reaction is first order in FluN2 concentration, another
molecule of FluN2 was brought into the calculation.
Coordination of the second FluN2 to cobalt is approximately
thermoneutral (ΔG = −5.3 kcal/mol, not shown here).
However, an exhaustive search for reaction pathways following
the binding of a second FluN2 did not yield any energetically
reasonable mechanism for product generation. Therefore, a
direct attack of a second FluN2 onto the metal-bound
diazoalkane fragment in 3 was investigated to determine the
possibility of C−N and N−N bond-forming processes that
generate products 8 and 9.
As shown in Figure 5, a plausible mechanism for the

formation of hydrazine 8 involves electrophilic attack (vide
infra) of the terminal nitrogen atom of the exogenous FluN2
onto the diazo carbon atom of the coordinated FluN2 in 3. In
the associated transition state for this process, TS(3−10), the
external FluN2 approaches the bound hydrazine catalyst to a
N···C distance of 1.89 Å with simultaneous N−C bond
cleavage in the coordinated FluN2 (N···C = 1.38 Å; Figure 5).
This process continues with the production of 8, and the
nitrogen atoms associated with the starting diazoalkane ligand
remain in the cobalt’s coordination sphere to give the
dinitrogen complex 10. This elementary step corresponds to
the TOF-determining transition state of the coupling reaction
(ΔG‡ = 20.2 kcal/mol, XTOF = 1.00, Table S3). Finally,
complex 10 undergoes N2 expulsion to regenerate catalyst 2
(Figure 5).
Despite the straightforward pathway by which hydrazine 8

was formed in this catalysis, identifying a mechanism for
forming the CC bond in olefin 9 was more complicated.
Following the investigation of various attack modes for
exogenous FluN2 onto 3, the most kinetically plausible
transition state was identified as yielding an N−N bond
between the two terminal N-atoms in both FluN2 (TS(3−11),
Figure 6). The ease for an N−N coupling event likely results
from the ligand-based radical character of 3 as indicated by the
Mulliken spin population in TS(3−11) (Figure S12). Isomer-
ization around the N−N bond in 11 shortens the distance
between the two diazo carbon atoms (12, d(C−C) = 2.74 Å),
priming them for C−C bond formation. The subsequent C−C
coupling event generates a cobalt-bound 1,2,3,4-tetrazine
intermediate 13 (ΔG = −3.4 kcal/mol), from which a ring-
opening, followed by N2 liberation, yields the olefin 9 and
catalyst 2. Overall, ring-opening of the tetrazine fragment is the
TOF-determining transition state (TS(13-14), ΔG‡ = 16.9

Figure 3. Natural log plot for FluN2 consumption (0.10 M) using 6.9
mol % of 2. The red solid line represents a linear fit of ln([FluN2])
over time (R2 = 0.997) used to extract observed rate constants (kobs).

Figure 4. Observed rate constants (kobs) as a function of catalyst
loadings (2) with every measurement done in triplicate. Error bars
represent standard deviations. The red solid line represents a linear fit
of kobs over catalyst loading (R2 = 0.995).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02926
ACS Catal. 2021, 11, 11160−11170

11164

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


kcal/mol, XTOF = 0.81, Table S5), although both the attack of
exogenous FluN2 (ΔΔG‡ = −0.5 kcal/mol) and C−C bond
formation (ΔΔG‡ = −0.9 kcal/mol) have similar activation
barriers. Note that the regenerated catalyst 2 in both of the
previously mentioned mechanisms is expected to quickly
convert into the resting state 3, which, as previously described,
is downhill by 5.9 kcal/mol (Figures 5 and 6). It is worth
mentioning that the cobalt center retains its spin density
during the transformation from 3 until the release of the olefin
9 with a doublet formulation of the coupled FluN2 fragment
throughout. The open-shell nature of the FluN2 ligand likely
plays a crucial role in facilitating the N−N (TS(3−11)) and
C−C (TS(12-13)) coupling event as well as the breakdown of
the tetrazine intermediate (TS(13-14)), as shown by the
Mulliken spin populations (Figures S12−S14), highlighting the
importance of single-electron transformations involved in first-
row transition metal catalysis.
Based on the computed Gibbs free energy profiles for the

formations of 8 (Figure 5) and 9 (Figure 6) in benzene, the
energy span model (ESM) proposed by Kozuch and co-
workers was adopted to calculate the overall reaction rate
producing the two products.54,55 Interestingly, the TOF for
yielding 8 is predicted as 4.6 × 10−7 s−1 (Table S2), while the

TOF for 9 is 2.3 × 10−6 s−1 (Table S4), in good agreement
with the observed preference for product 9 formation in a
nonpolar medium.
To understand the effect of solvent polarity on product

distribution, the same calculations were carried out in polar
solvent THF utilizing its dielectric constant and refractive
index. The result, gratifyingly, confirmed a lowered barrier for
production of 8 (TS(3−10), ΔGTHF

‡ = 16.4 kcal/mol, Table
2) with a predicted TOF of 2.6 × 10−5 s−1 (Table S10), in
contrast to a relatively slower generation of 9 (TOF = 6.4 ×
10−6 s−1, Table S12). Given that the solvent model was the
only difference between the calculations carried out in benzene
and THF, the preferential generation of 8 in a more polar
medium is proposed to result from solvent stabilization of the
reaction pathway consisting of transition states with higher
polarities. Indeed, the theoretically modeled electric dipole
moment for the rate-limiting C−N bond-forming transition
state in the production of 8 (10.37 D, TS(3−10), Table 2) is
significantly higher than those of the transition states leading to
olefin 9 (6.44−8.40 D, Table 2), verifying that the preference
for hydrazine 8 generation in THF can be attributed to a
solvent stabilization effect.

Figure 5. Computed Gibbs free energy (ΔG, kcal/mol) profile for the formation of 1,2-di(9H-fluoren-9-ylidene)hydrazine (8) in the presence of 2
and FluN2. All free energies were calculated with respect to separated reactants (2, FluN2), and all complexes have a triplet ground state. The spin
on cobalt is denoted as ρCo, and key distances are noted in angstroms (Å).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.1c02926
ACS Catal. 2021, 11, 11160−11170

11165

https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.1c02926/suppl_file/cs1c02926_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c02926?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Next, we studied the potential effect of L-type ligand
coordination on product selectivity. A DFT model with THF
bound to the cobalt center was constructed, initially following
the same transformation pathways for both the generation of 8
and 9. The resulting potential energy surface, however, showed
reversible binding of THF and increased kinetic barriers
toward both the olefin and hydrazine products, with transition

state energies for C−N [TS(3−10), for 8] and N−N [TS(3−
11), for 9] bond formation being increased from 16.4 and 13.9
kcal/mol to 25.6 and 26.4 kcal/mol, respectively. Since the
spin density localized on the cobalt center remains constant
throughout the reaction pathway, both in the presence and
absence of bound THF, the increase in energy landscape is
likely due to the escalated steric strain that resulted from the
additional ligand. Therefore, the conversion of FluN2 to 8 and
9 in THF likely does not involve THF coordination, and the
selectivity switch entirely results from dipole−dipole stabiliza-
tion of the more polar transition states.
Nonetheless, the altered product distribution in the presence

of stronger L-type donors such as tert-butylnitrile propelled us
to incorporate acetonitrile into our DFT model as an
exogenous ligand that imposes an increased ligand field
strength. Similarly, the corresponding energetics for the
formation of alkene 9 in the presence of CH3CN is more
disfavored, with the barrier for the TOF-determining tetrazine
ring-opening transition state increased to ΔG‡ = 23.2 kcal/mol
(Figure S9), resulting in a much slower predicted TOF of 2.9
× 10−9 s−1 (Table S8). Overall, we conclude that the CH3CN
coordination is unlikely to alter the reaction energetics to
produce olefin 9, as in the case of THF coordination, as
discussed above.
However, the coordination of acetonitrile to the cobalt

center does accelerate the formation of hydrazine 8, as
described in Figure 7. In this case, the TOF-determining

Figure 6. Computed Gibbs free energy (ΔG, kcal/mol) profile for the formation of 9,9′-bifluorenylidene (9) in the presence of 2 and FluN2. All
free energies are calculated with respect to the separated reactants, and all complexes have a triplet ground state. The spin on cobalt is denoted as
ρCo, and key distances are noted in angstroms (Å). aThe forward reaction from 14 to 10 appears to be barrierless, as the transition state TS (14-10)
has a lower zero-point energy than 14, offsetting the higher potential energy of the transition state with respect to the intermediate.

Table 2. Electric Dipole Moment (D) and Free Energy
(kcal/mol) of Computed Intermediates and Transition
States in the Generation of Hydrazine 8 and Olefin 9

computed
species

electric dipole
momenta (D)

ΔG (kcal/mol) in
benzene

ΔG (kcal/mol)
in THF

(A) Hydrazine 8 Generation
2 9.17 0.0 0.0
3 7.54 −5.9 −7.3
TS (3−10) 10.37 20.2 16.4
10 7.47 −51.9 −51.5

(B) Olefin 9 Generation
TS (3−11) 8.21 16.4 13.9
11 5.98 −8.1 −10.4
TS (11-12) 8.40 10.6 7.6
12 6.79 4.1 1.1
TS (12-13) 6.73 16.0 13.2
13 6.54 −3.4 −6.3
TS (13-14) 6.44 16.9 14.0
aCalculated in the gas phase.
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transition state for C−N bond formation is lowered to 18.1
kcal/mol compared to that in the absence of any L-type donor
(ΔG‡ = 20.2 kcal/mol, Figure 5). More interestingly, the TOF
for forming 8, in this case, is calculated to be 1.6 × 10−5 s−1

(Table S6), surpassing that for the formation of alkene 9 (TOF
= 2.3 × 10−6 s−1, Table S4). Accordingly, this model predicts
that good L-type donors (such as N,N-dimethylallylamine and
tert-butylnitrile) assist the hydrazine formation, consistent with
the observed switch in product selectivity (Table 1). Thus, the
lowered barrier may, in principle, be attributed to increased
steric strain in the coordination sphere and/or the altered
ligand field electronic structure. However, since the attack of
exogenous FluN2 takes place on the remote diazo carbon atom
of the FluN2 fragment in 3, there is minimal steric interaction
between the coordinated CH3CN and incoming FluN2 (Figure
S10). Thus, the additional steric strain resulting from CH3CN
coordination is unlikely the cause for the rate acceleration.
A detailed molecular orbital analysis was carried out to

examine the changes in electronic structure brought about by
the coordination of acetonitrile (Figure 8). The diazo carbon
atom (CA, DFT optimized T.S., Figure 8) in 3 appears to be
nucleophilic in nature and is represented by a doubly occupied,
delocalized frontier orbital with contributions from carbon and

nitrogen atomic p orbitals, as well as the cobalt dxz orbital (φ
or φCH3CN, Figure 8). Therefore, the mechanism with 3
involves nucleophilic attack of φ onto the π*(N−N) orbital
(lowest unoccupied molecular orbitalLUMO) of the FluN2
substrate leading to hydrazine formation (DFT optimized T.S.,
Figure 8). Significantly, the coordination of CH3CN to 3 leads
to destabilization of the corresponding orbital in 3(NCMe)
(the φCH3CN orbital) as a consequence of contributions from
cobalt-ligand σ* interactions. The heightened energy of this
nucleophilic center presumably results in a more energetically
favorable overlap with the substrate π*(N−N) orbital, giving
rise to a faster catalytic rate for the formation of 8. We
hypothesize that the unpaired spin density on the FluN2
fragment in 3 is likely not involved in the C−N bond-forming
process. Indeed, the spin density predominately resides in the
xy plane (Figures 8 and S11), orthogonal to the xz plane
involving this addition reaction.

■ CONCLUSIONS
In conclusion, a low-coordinate cobalt system has been
developed for the catalytic homocoupling of a diazoalkane to
the corresponding olefin and hydrazine coupled products, with
olefin as the predominant product in benzene. Interestingly,

Figure 7. Computed Gibbs free energy (ΔG, kcal/mol) profile for the formation of 1,2-di(9H-fluoren-9-ylidene)hydrazine (8) in the presence of 2,
FluN2, and CH3CN. All free energies are calculated with respect to the separated reactants (2, FluN2, CH3CN), and all complexes have a triplet
ground state. The spin on cobalt is denoted as ρCo, and key distances are noted in angstroms (Å).
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the reaction selectivity switches in a polar medium, and this
solvent effect derives from the stabilization of the more polar
C−N bond-forming transition state. Additionally, the presence
of a good L-type donor at cobalt renders the nitrogen-based
diazenido ligand more electron-rich and accelerates a resulting
nucleophilic attack of the metal complex onto the electrophilic
substrate. The redox non-innocent nature of the FluN2 ligand
engenders a broken-symmetry formulation of the diazo
complex as characterized by theoretical calculations. The
open-shell electronic structure of the FluN2 ligand facilitates a
series of bond-forming and breaking events in the process of
olefin generation, highlighting the importance of under-
standing electronic structures of reactive intermediates at
deciphering the single-electron processes often associated with
first-row transition metal catalysis.
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Electronic structure calculations were performed on the
Spiedie cluster at Binghamton University.
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