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ABSTRACT: Heterodinuclear transition metal complexes with a direct metal−metal
interaction offer the potential of unique reactivity compared with mononuclear catalysts.
Heterodinuclear Co−Zr complexes with phosphinoamide ligands bridging Co and Zr
metal centers are effective precatalysts for Kumada C−C bond coupling reactions
between alkyl halides and alkyl Grignards. In contrast, the analogous mononuclear Co
tris(phosphinoamine) complex without Zr provides very inefficient catalysis. Here we
describe density functional theory calculations that reveal the mechanistic and reactivity
impact of the Co−Zr metal−metal interaction and phosphinoamide ligands on alkyl
halide−alkyl Grignard Kumada coupling catalysis. The Co−Zr interaction enables two-electron reduction of the precatalyst to
form an active catalyst, which then promotes a low-energy electron-transfer alkyl halide oxidative addition mechanism. The
Co−Zr interaction and the phosphinoamide ligands bridging the metal centers provide a dialkyl intermediate with a low-energy
C−C bond forming reductive elimination route through a phosphine dissociation pathway, which is not viable for an analogous
mononuclear Co complex.

■ INTRODUCTION

Heterodinuclear transition metal catalysts with a direct covalent
or dative/electrostatic metal−metal interaction offer the
potential of unique reactivity and selectivity that may not be
available to similar mononuclear catalysts.1 During the 1980s
and 1990s, a few heterodinuclear catalysts were reported for a
limited set of reactions, such as alkene and ketone hydro-
genation,2 α-olefin hydroformylation,3 ethylene polymeriza-
tion,4 and olefin metathesis.5 Recently, there has been a major
surge in the synthesis of nonbiological heterodinuclear
transition metal complexes intended for catalytic application
toward challenging transformations,6−8 for example, arene C−H
borylation,9 carbon dioxide hydrogenation,10 and dinitrogen
reduction.11

Early theoretical studies examined heterodinuclear metal−
metal bonding, but only a few recent studies have examined
heterodinuclear catalysis.11,12 In most cases, the mechanisms
and origin of the unique reactivity and selectivity for
heterodinuclear catalysts, especially compared to mononuclear
catalysts, remain unknown, which hinders new catalyst develop-
ment. Our group uses density functional theory (DFT)
calculations to identify mechanisms and discover the origin of
the unique reactivity and selectivity of heterodinuclear catalysts.
For example, we previously identified the mechanism and origin
of reactivity and selectivity for heterodinuclear Pd−Ti−
phosphinoamide-catalyzed allylic amination13 and Ir−Ta-
catalyzed alkene hydrogenation (Scheme 1a).14 For the Pd−
Ti case, our calculations revealed that because of the unique
phosphinoamide ligand scaffold a weak heterodinuclear metal−
metal interaction in the ground state can be enhanced in the
transition state leading to relatively fast catalysis.13 This

discovery prompted us to examine the unique Kumada coupling
reactivity catalyzed by heterodinuclear Co−Zr complexes
bearing similar phosphinoamide ligands.
In 2011, Thomas reported the Kumada C−C bond coupling

reaction between alkyl halides and alkyl Grignards catalyzed by a
series of heterodinuclear precatalyst Co−Zr complexes (Scheme
1b).15,16 Precatalysts 1−3 [(ClZr(R′NPR2)3CoI)] (R = iPr or
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Scheme 1. (a) Examples of Heterodinuclear Catalysts We
Previously Examined using DFTCalculations and (b) Co−Zr
Heterodinuclear Catalysis Examined in This Work
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Ph; R′ = iPr or Mes) feature phosphinoamide ligands bridging
Co and Zr metal centers with a direct metal−metal interaction.
These heterodinuclear precatalysts generally gave moderate to
high yields of C−Cbond coupling alkane products. For example,
the use of 5 mol % precatalyst 1 with 30 mol % TMEDA in THF
at room temperature led to yields generally between 60 and 99%
for coupling between primary and secondary alkyl halides and n-
OctMgBr. Importantly, while Kumada couplings are often
catalyzed by mononuclear catalysts,17 sp3−sp3 couplings are
rarely catalyzed by mononuclear Co complexes,18 and the
analogous mononuclear Co tris(phosphinoamine) complex
does not provide efficient catalysis with only trace alkane
product yields for reaction between alkyl halides and n-
OctMgBr.15 This very different reactivity of the dinuclear Co−
Zr catalysts versus the mononuclear Co complex further
stimulated our interest in identifying an operating mechanism
and the origin of the unique dinuclear reactivity.
Here we report DFT calculations that examine the

mechanistic and reactivity impact of the Co−Zr metal−metal
interaction, and phosphinoamide ligands, on Kumada sp3−sp3
coupling catalysis. We discovered that the Co−Zr interaction
enables two-electron reduction of the precatalyst to form an
active catalyst, and this active catalyst promotes a low-energy
electron-transfer-induced alkyl halide oxidative addition mech-
anism. Furthermore, the Co−Zr interaction and phosphinoa-
mide ligands also provide a dialkyl intermediate with a low-
energy C−C bond-forming reductive elimination pathway that
involves phosphine dissociation. Together, these effects provide
a unique mechanism and efficient catalysis not available to
mononuclear Co analogues.

■ RESULTS AND DISCUSSION
Precatalyst and Catalyst Structures. We decided to

examine Kumada precatalyst 1 because it induced the largest
coupling yields.15 Under reducing Grignard conditions,
precatalyst 1 is likely transformed into an active catalytic
species. Thomas observed that chemical two-electron reduction
of complex 3 in THF resulted in the formation of the
(THF)Zr(MesNPiPr2)3Co(N2) complex (Scheme 2a).15 Re-
action of this complex with alkyl halides resulted in the
observation of oxidized intermediates. This prompted us to
explore the thermodynamics for precatalyst activation of 1 by
one- and two-electron transfer (ET) and halide ligand loss. We
modeled the Grignard species as a dinuclear bridged [(n-
Oct)MgBr]2 structure (Scheme 2b), which has been our model
for other Grignard-type reactions.19 ET between this Grignard
model and precatalyst 1 requires >40 kcal/mol and is unlikely.
Dissociation of phosphine from the Co metal center does not
substantially reduce the thermodynamic requirement for ET
from the Grignard to the Co−Zr complex. Instead, the most
likely precatalyst activation pathway involves iodide dissociation
followed by ET, which may occur in one step. The resulting
reduced Cl−Zr(iPrNPiPr2)3Co structure 4 (Scheme 2b) is a
viable intermediate with aΔG of −3.2 kcal/mol. A second ET is
possible after or at the same time as chloride dissociation, which
results in the doubly reduced Co−Zr intermediate 5 that is
similar to the structure that was observed experimentally
through Na/Hg reduction. 5 is endergonic by 15.6 kcal/mol,
but overall, this precatalyst activation is thermodynamically
favorable considering formation of hexadecane (C16H34) along
with MgBr2 and MgICl is exergonic by 61.6 kcal/mol.
Because of the thermodynamic viability of 4 and 5, these were

the major heterodinuclear catalytic structures examined for the

coupling between 1-bromopentane (C5H11Br) and n-OctMgBr.
We also examined catalyst 5with an explicit THF coordinated to
the Zr metal center. However, weakly coordinated THF did not
significantly impact structures and energies (see the Supporting
Information). For mononuclear ICo(iPr2PNHiPr)3 complex 6
(Scheme 2b), which has related phosphinoamine ligands
compared to the phosphinoamide ligands of 1, we examined
catalysis from the one-electron-reduced version 7 as well as the
corresponding anionic two-electron reduced complex.
Figure 1 displays the M06-L DFT molecular orbitals that

describe the major Co−Zr interactions in 5. As expected,
HOMO−4 (orbital 156), HOMO−3 (orbital 157), and
HOMO−2 (orbital 158) represent the σ and degenerate π
orbitals for the Co−Zr triple-bond character.15,16 Occupied
orbitals 159 and 160 (degenerate HOMO and HOMO−1) are
Co-centered nonbonding electron pairs. The LUMO is Co−Zr
σ* orbital 161. We initially assumed that 5 would have
multireference character and be best described as a mixture of
electronic configurations. However, we found the triplet spin
state to be 18.1 kcal/mol higher in energy, which suggests a
relatively large HOMO−LUMO gap and a lack of multi-
reference character. Indeed, the HOMO−LUMO gap is
relatively large at 2.1 eV. Attempted reoptimization of the
M06-L wave function with a broken symmetry guess using
unrestricted orbitals did not lead to a lower-energy singlet wave
function, which suggests a dominant single-reference descrip-
tion.

Oxidative Addition and Transmetalation. Most cross-
coupling reactions between alkyl halides and Grignards
catalyzed by mononuclear Ni, Pd, and Cu complexes have
been proposed to proceed via closed-shell two-electron
mechanisms, which involve the typical three steps of oxidation
addition, transmetalation, and reductive elimination.20 In
contrast, for a few mononuclear Co-catalyzed coupling
reactions, typically between alkyl halides and aryl or allylic

Scheme 2. (a) Chemical Reduction of Co−Zr Complex 3
Reported by Thomas15 and (b) Dinuclear Grignard, Co−Zr
Dinuclear, and Co Mononuclear Catalyst Models
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Grignards, open-shell mechanisms have been proposed.21

Because catalyst 5 is a low-spin closed-shell complex, for

oxidative addition with 1-bromopentane we examined both
closed-shell and open-shell mechanisms.
Oxidative addition at the Co metal center between 5 and 1-

bromopentane to give [Zr(iPrNPiPr2)3Co(C5H11)(Br)] 8 is
endergonic with a ΔG of 11.8 kcal/mol (Scheme 3a). We were
surprised to find that a one-step oxidative addition transition
state to give 8with a distorted square pyramidal Co metal center
requires a ΔG⧧ of >40 kcal/mol. The alternative oxidation
addition with addition across both metal centers gives
[(Br)Zr(iPrNPiPr2)3Co(C5H11)] (ΔG = 4.5 kcal/mol) and
[(C5H11)Zr(iPrNPiPr2)3Co(Br)] (ΔG = 0.2 kcal/mol). While
these complexes are slightly lower in energy than 8, a low-energy
one-step pathway for dinuclear oxidative addition is unlikely
because the HOMO and HOMO−1 orbitals of 5 are localized
only on the Co metal center and HOMO−2 and HOMO−3
orbitals have π-type symmetry (see the Supporting Information
for analysis of one-step pathways).
Without a one-step oxidative addition pathway available, we

examined the plausible multistep nucleophilic substitution and
ET-type pathways. The ΔG⧧ for nucleophilic substitution of
bromide with Co is 24.6 kcal/mol and results in the ion pair
[Zr(iPrNPiPr2)3Co(C5H11)]

+[Br]− with a ΔG of 6.2 kcal/mol.
For the separated ions, [Zr(iPrNPiPr2)3Co(C5H11)]

+ 10 and
bromide, ΔG = 13.0 kcal/mol. ET from 5 to 1-bromopentane
was the lowest-energy pathway identified22 and requires aΔG of
8.5 kcal/mol to give the radical cation Co−Zr intermediate 9
and (C5H11Br)*

− (* = unpaired electron), which has a nearly
severed C−Br bond. After ET, a potential energy surface scan
showed no potential energy barrier for the combination of 9 and
the pentyl radical to give cationic intermediate 10, and
coordination of bromide provides a route to oxidative addition
intermediate 8. [(Br)Zr(iPrNPiPr2)3Co(C5H11)] or [(C5H11)-
Zr(iPrNPiPr2)3Co(Br)] complexes could also be produced
from 9, but to complete a viable catalytic cycle would require
isomerization to 8 or a later catalytic intermediate (see the
discussion below and the Supporting Information). Interest-
ingly, while ET occurs from a Co-centered orbital, after two-

Figure 1. M06-L closed-shell orbitals for catalyst 5 showcasing σ
(HOMO−4) and π orbitals (HOMO−2 and HOMO−3) of the Co−
Zr interaction. Color coding: gray, carbon; blue, nitrogen; orange,
phosphorus; purple, cobalt; light blue, zirconium. Hydrogen atoms
have been omitted.

Scheme 3. (a) Outline of Intermediates Involved in Closed-Shell and Open-Shell Oxidative Addition between 5 and 1-
Bromopentane,a (b) Representative Example of Alternative, but Not Viable, ET Pathways, and (c) Transmetalation between 8
and the Grignard Complex

aBlue arrows represent the lowest-energy ET pathway identified (values in kilocalories per mole).
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electron oxidation, inspection of the molecular orbitals indicates

that electrons rearrange so that in 8 there is one σ and one π
orbital for the Co−Zr interaction.
Our calculations suggesting that catalysis begins with an open-

shell ET mechanism for oxidative addition are consistent with

multiple experimental observations by Thomas. The most
compelling is that addition of TEMPO to a catalytic reaction
resulted in the gas chromatography−mass spectrometry
observation of both cross-coupling and TEMPO−alkyl
products.15 Interestingly, reaction of 1-bromohexene with

Scheme 4. (a) Reductive Elimination Transition-State Structure for 12,a (b) Reductive Elimination Transition-State Structure
for 14,b and (c) an Outline ET-Induced Oxidative Addition and Phosphine Dissociation-Induced Reductive Elimination
Catalytic Cyclec

aSelect iPr groups and all hydrogen atoms have been omitted from the three-dimensional representation. Distances in angstroms. bSelect iPr groups
and all hydrogen atoms have been omitted from the three-dimensional representation. Distances in angstroms. cValues in kilocalories per mole.
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(THF)Zr(MesNPiPr2)3Co(N2) resulted in formation of 1-
methylcyclopentane, but under catalytic conditions, only C−C
coupling products were produced, presumably because coupling
is faster than radical cyclization.15

There is some evidence of a few previously reported open-
shell Kumada coupling mechanisms. On the basis of electron
spin resonance, Kochi suggested that a Ni-catalyzed coupling
reaction involves open-shell intermediates.23 More recently, a
radical Kumada coupling mechanism involving an FeII bis-
(oxazolinylphenyl)amido pincer complex was proposed by
Wodrich and Hu and supported by computational studies.24

This proposal was based on coupling of enantiomerically
enriched substrates that gave a racemic mixture of coupling
products and coupling with a cyclopropyl substrate that gave a
ring-opened product. On the basis of Mössbauer and DFT
calculations, Neidig has also proposed an open-shell mechanism
for Kumada coupling with FeII/FeIII.25 For related Co-catalyzed
alkyl halide−Grignard reactions, Yorimitsu and Oshima
reported that isomerization and styrylation reactions with
cyclopropylmethyl bromide and 6-bromo-1-hexene substrates
provide evidence supporting a radical mechanism.21c More
recently, Gueŕinot and Cossy used a radical-clock substrate that
resulted in cyclization, presumably through an alkyl radical
intermediate.21e

Our proposed ET oxidative addition mechanism moderated
by catalyst 5 is different from the Fe and Ni monometallic
mechanisms proposed by Wodrich and Hu.24 In the Fe and Ni
cases, the Grignard phenyl anion from PhMgBr is proposed to
add to the metal center to stimulate electron transfer to an alkyl
halide. For 5, addition of an n-Oct anion from theGrignard likely
increases the ET capability of this complex, but because 5 is
already very rich in electrons, achieving [Zr(iPrNPiPr2)3Co(n-
Oct)]− is unlikely to be thermodynamically viable. This
relatively large thermodynamic penalty to achieve a significantly
more electron rich species suggests that 5 is the more likely
electron donor. We also examined ET pathways that circumvent
intermediate 9. For example, it is conceivable that [(n-
Oct)MgBr]2 directly reduces 1-bromopentane to pentyl radical
and bromide prior to Co−Zr involvement. However, this is
unlikely because theΔG for 1-bromopentane + [(n-Oct)MgBr]2
→ (C5H11)* + Br− + ([(n-Oct)MgBr]2)*

+ is endothermic by
56.2 kcal/mol. Additionally, there are no significant C−C
coupling products observed experimentally in the absence of the
Co−Zr catalyst. We also explored the possibility that the one-
electron-reduced complexes [(Cl)Zr(iPrNPiPr2)3Co]* (4) and
[Zr(iPrNPiPr2)3Co]*

+ (9) could reduce 1-bromopentane
(Scheme 3b). For the (Cl)Zr−Co complex, ΔG = 45.9 kcal/
mol for 4 + 1-bromopentane→ [(Cl)Zr(iPrNPiPr2)3Co]

+ (11)
+ (C5H11)* + Br−. For 9 + 1-bromopentane → [Zr-
(iPrNPiPr2)3Co]

2+ + (C5H11)* + Br−, the ΔG = 57.0 kcal/
mol, and this reaction is therefore also unlikely.
After identifying an ET mechanism for achieving oxidized

intermediate 8, we examined the thermodynamics for trans-
metalation resulting in alkyl/bromide swapping between Co and
Mg metal centers (Scheme 3c). For transmetalation between
intermediate 8 and [(n-Oct)MgBr]2 that results in Zr-
(iPrNPiPr2)3Co(C5H11)(n-Oct) (12), the ΔG for this reaction
step is 11.8 kcal/mol, and this added to the 11.8 kcal/mol to
achieve 8 results in 12 being endergonic by 23.6 kcal/mol
relative to the starting Co−Zr catalyst 5. While we extensively
explored the potential transition-state structures, we could not
locate a one-step transmetalation saddle point. Therefore,
because this reaction step is endergonic, we have taken the

energy of 12 as a low-end estimate of the kinetic barrier for alkyl/
bromide group swapping. We also examined possible radical and
polar initiated transmetalation pathways, but these pathways
were all much higher than the thermodynamics for direct group
exchange (see the Supporting Information). As an alternative to
transmetalation, we also examined the possibility that [(n-
Oct)MgBr]2 provides a nucleophilic n-Oct anion that directly
forms the C−C bond coupling product with simultaneous two-
electron metal reduction of either 8 or 10. However, these
pathways are unlikely because the barriers (>39 kcal/mol) are
larger than the thermodynamic energy change of trans-
metalation.

Reductive Elimination and the Catalytic Cycle. Because
the Co−Zr metal−metal interaction creates a relatively electron
deficient Co metal center, we initially assumed that Zr-
(iPrNPiPr2)3Co(C5H11)(n-Oct) 12 would be a primed
intermediate for facile C−C bond coupling through a one-
step, three-center reductive elimination transition state (Scheme
4a,TS12). TheCo−Zr distance of 2.51 Å in 12 decreases to 2.38
Å in TS12, signaling an enhanced metal−metal interaction.
However, the ΔG⧧ for TS12 is 40.6 kcal/mol, which is
inconsistent with a fast room-temperature reaction. Upon
finding this large reductive elimination barrier, we then
extensively explored alternative closed-shell and open-shell
reductive elimination pathways. For example, we examined Co−
alkyl radical fragmentation, which for 12 requires a homolysis
bond enthalpy of 17.4 kcal/mol. C−C bond formation could
then occur through carbon radical attack of the remaining Co−
alkyl bond. TheΔG⧧ for this radical C−C bond-forming process
is 12.8 kcal/mol. While this could suggest a mixture of tridecane
and hexadecane C−C-coupled products, assuming complete
radical dissociation into solvent, these products were not
reported.15 We also explored the possibility that the relatively
electron rich intermediate 12 could act as an electron donor
toward 1-bromopentane. For the donation of electrons from 12
to 1-bromopentane, ΔG = 22.8 kcal/mol to form [Zr-
(iPrNPiPr2)3Co(C5H11)(n-Oct)]*

+ (13), (C5H11)*, and Br−.
Reductive elimination from 13 has aΔG⧧ of 6.6 kcal/mol. While
this is a relatively low-energy ET/reductive elimination pathway,
we identified a lower-energy reductive elimination pathway that
involves phosphine dissociation outlined in panels b and c of
Scheme 4.
The Zr metal center plays multiple roles to facilitate reductive

elimination. More important than the Co−Zr interaction that
creates a relatively electron deficient Cometal center, phosphine
dissociation to create an even more electron deficient and low-
coordinate Cometal center prepared for reductive elimination is
possible because the amido group remains linked to the Zr metal
center.26 This intramolecular dissociation is favorable relative to
12 by 7.5 kcal/mol. In the phosphine dissociation intermediate,
14 (Scheme 4b), the Co−P length increases to 4.68 Å from 2.38
Å in 12 and there is essentially no interaction between the
phosphine and the Cometal center. The Cometal center adopts
a trigonal bipyramidal geometry with the n-Oct group oriented
closer to the Zr metal center. There is a weak interaction
between the dislodged phosphine and the Zr metal center
demonstrated by a distance of 3.28 Å. Phosphine dissociation,
by providing a less electron rich and low-coordinate Co metal
center, results in a dramatically lower-energy pathway for a one-
step reductive elimination transition state, TS14 (Scheme 4b).
The ΔG⧧ for TS14 is only 2.8 kcal/mol relative to intermediate
14 and 18.9 kcal/mol relative to intermediate 5. This low-energy
pathway for C−C bond coupling contrasts with the potentially

Organometallics Article

DOI: 10.1021/acs.organomet.8b00449
Organometallics 2018, 37, 4195−4203

4199

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00449/suppl_file/om8b00449_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.8b00449


very slow, turnover-limiting step without phosphine dissocia-
tion. The Co−Zr distances suggest that the Co−Zr interaction
remains important in TS14. In TS14, the Co−Zr interaction
distance decreases to 2.50 Å from 2.65 Å in 14. After TS14, it is
thermodynamically favorable for the phosphorus of the
phosphinoamide ligand to coordinate to the Co metal center
to regenerate catalyst 5.
With the identification of reductive elimination occurring

through a phosphine dissociation pathway, we now propose a
complete catalytic cycle for catalyst 5 (Scheme 4c), which
demonstrates the importance of the synergistic Co and Zr metal
centers and phosphinoamide ligands. As discussed previously,
the Co−Zr interaction, assembled by a phosphinoamide ligand,
provides a thermodynamically feasible pathway for two-electron
reduction of precatalyst 1 to 5. The high electron donor capacity
of 5 provides fast outer-sphere ET in step 1. The resulting open-
shell intermediates can undergo radical combination in step 2 to
give oxidative addition intermediate 8. Step 3 involves
thermodynamically viable n-Oct group transfer from the
Grignard reagent to the Co metal center that results in dialkyl
intermediate 12. Step 4 involves dissociation of phosphine from
the Co metal center, which enables a low-barrier reductive
elimination in step 5. This showcases the importance of the
phosphinoamide ligands where the amido group directs the Zr
metal center while providing a labile phosphine to coordinate to
Co. Because of the low-energy phosphine dissociation reductive
elimination pathway, transmetalation with a relatively high
thermodynamic reaction energy is likely turnover-limiting.
While Zr enables very fast Co-centered catalytic reaction
steps, it is likely that similar Lewis acidic early transition metals
could also serve the same role.
Comparison to Mononuclear Complexes. Direct

comparison of dinuclear versus mononuclear catalysis is often

difficult because mononuclear analogues generally have different
ligands and oxidation states. The mononuclear analogue
ICo(Ph2PNHiPr)3 6 has the same Co oxidation state as and
phosphinoamine ligands very similar to those of dinuclear
precatalyst 1. This mononuclear complex did not provide
efficient catalysis and gave only trace yields. To make the most
direct comparison to proposed dinuclear catalyst 5, especially
for the key reductive elimination step, we examined the one-
electron-reduced complex Co(iPr2PNHiPr)3 7 as well as the
corresponding two-electron-reduced complex [Co-
(iPr2PNHiPr)3]

−. We also considered the possibility that 6 is
activated to Co(iPr2PNHiPr)3(n-Oct) by reaction with [(n-
Oct)MgBr]2 (see the Supporting Information).
The oxidative addition between 7 and 1-bromopentane to

give the corresponding (iPr2PNHiPr)3Co(C5H11)(Br) complex
16 is exergonic by 27.0 kcal/mol (Scheme 5). This
thermodynamically favorable reaction contrasts with the
endergonic oxidative addition between 5 and 1-bromopentane.
While this mononuclear oxidative addition is thermodynami-
cally viable, ET to begin the oxidative addition is endergonic. ET
from 7 to 1-bromopentane to give [Co(iPrNPiPr2)3]

+ (15),
(C5H11)*, and Br− is endergonic by 29.6 kcal/mol. This >18
kcal/mol larger ET energy for the mononuclear Co complex
versus that of the Co−Zr complex is consistent with the HOMO
orbital of 7 being∼0.5 eV lower in energy than the HOMO of 5.
The difference in ET capacity is that 7 is a one-electron-reduced
complex while 5 is a two-electron-reduced complex.
Transmetalation between 16 and [(n-Oct)MgBr]2 provides

the dialkyl intermediate (iPr2PNHiPr)3Co(C5H11)(n-Oct) 17
with a <1 kcal/mol energy change. From 17, there is a three-
center reductive elimination transition-state structure that is
very similar to TS12. The ΔG⧧ for this mononuclear reductive
elimination is 26.9 kcal/mol, which is ∼14 kcal/mol lower in

Scheme 5. Outline of the Mononuclear Structures and Energies for Comparison to the Dinuclear Catalytic Cyclea

aValues in kilocalories per mole.
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energy than dinuclear transition state TS12. More importantly,
the low-energy phosphine dissociation/reductive elimination
dinuclear pathway is not available for this mononuclear complex.
For 17, phosphine dissociation lowers the reductive elimination
to only 24.7 kcal/mol (a 2.2 kcal/mol decrease). Importantly,
the energies for both ET and reductive elimination for this
mononuclear Co analogue showcase the multiple advantages of
the Co−Zr interaction for fast catalysis.
We also examined the possible anionic mononuclear complex

[Co(iPr2PNHiPr)3]
−. As expected, this two-electron-reduced

species is significantly better at ET than 7. For [Co-
(iPr2PNHiPr)3]

− ET to 1-bromopentane, ΔG = −10.5 kcal/
mol to generate Co(iPrNHPiPr2)3, (C5H11)*, and Br−. The
overall oxidative addition to give [(iPrNHPiPr2)3Co(C5H11)-
(Br)]− is exergonic by 28.5 kcal/mol. Grignard-facilitated
transmetalation to give [(iPrNHPiPr2)3Co(C5H11)(n-Oct)]

−

requires only 9.0 kcal/mol (ΔG = −21.2 kcal/mol). Similar to
that of dialkyl dinuclear intermediate 12, phosphine dissociation
at this electron rich structure is favorable, by 3.9 kcal/mol.
However, while ET/oxidative addition and transmetalation are
potentially better for the mononuclear model than for dinuclear
5, because there is no Zr metal center, reductive elimination
from [(iPrNHPiPr2)2Co(C5H11)(Oct)]

− has a large barrier
(ΔG⧧) of 24.1 kcal/mol.

■ CONCLUSIONS

The metal−metal interaction in the heterodinuclear Co−Zr
catalyst promotes fast Kumada coupling catalysis between alkyl
halide and Grignard components for several reasons. (1) The
electron withdrawing capacity through a direct Co−Zr
interaction provides a viable route to a two-electron-reduced
active catalyst 5 from the starting precatalyst 1. (2) This two-
electron-reduced intermediate 5 promotes low-energy ET to
induce oxidative addition. (3) The electron withdrawing
capacity of the Zr metal, and the phosphinoamide ligands
bridging Co and Zr metal centers, provides a low-energy
reductive elimination route through an intramolecular phos-
phine dissociation pathway. Comparison to analogous one-
electron- and two-electron-reduced mononuclear Co complexes
reveals that there is no low-energy phosphine dissociation/
reductive elimination route possible.

■ COMPUTATIONAL DETAILS
All ground-state and transition-state geometries were optimized in
Gaussian 0927 using the restricted and unrestricted M06-L28 functional
with an ultrafine integration grid. The 6-31G(d,p) basis set was used for
H, C, N, O, Mg, and Cl. The LANL2DZ29 pseudopotential/basis set
was used for Co, Br, Zr, and I. Geometries were confirmed as minima or
transition-state structures by normal-mode vibrational frequency
analysis. Conformational analysis and evaluation of multiple spin states
were performed for all ground states and transition states. Intrinsic
reaction coordinate (IRC) calculations were used to verify the
connection between transition states and intermediates. Electronic
energies were calculated with the def2-TZVP basis set.30 Reported free
energies correspond to (U)M06-L/def2-TZVP//(U)M06-L/6-31G-
(d,p)[LANL2DZ for Co, Br, Zr, and I]. The continuum SMD31 THF
model was used for all optimization and single-point energy evaluations.
The Grignard species was approximated as a dinuclear-bridged [(n-
Oct)MgBr]2 structure. The resulting inorganic Mg salts were treated as
molecular rather than complex solids.
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