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ABSTRACT: N,N-Diborylamines have emerged as promising reagents in organic synthesis; however, their efficient
preparation and full synthetic utility have yet to be realized. To address both shortcomings, an effective catalyst for nitrile
dihydroboration was sought. Heating CoCl2 in the presence of
[(

PyEt

PyEt

PDI afforded the six-coordinate Co(II) salt,

PDI)CoCl][Cl]. Upon adding 2 equivalents of NaEt3BH, hydride transfer to one chelate imine functionality was observed,

resulting in the formation of (κ4-N,N,N,N-PyEtIPCHMeNEtPy)Co. Single crystal X-ray diffraction and density functional theory
calculations revealed that this compound possesses a low spin Co(II) ground state featuring antiferromagnetic coupling to a
singly reduced imino(pyridine) moiety. Importantly, (κ4-N,N,N,N-PyEtIPCHMeNEtPy)Co was found to catalyze the dihydroboration
of nitriles using HBPin with turnover frequencies of up to 380 h–1 at ambient temperature. Stoichiometric addition experiments
revealed that HBPin adds across the Co–Namide bond to generate a hydride intermediate that can react with additional HBPin or
nitriles. Computational evaluation of the reaction coordinate revealed that the B–H addition and nitrile insertion steps occur on
the antiferromagnetically coupled triplet spin manifold. Interestingly, formation of the borylimine intermediate was found to
occur following BPin transfer from the borylated chelate arm to regenerate (κ4-N,N,N,N-PyEtIPCHMeNEtPy)Co. Borylimine
reduction is in turn facile and follows the same ligand-assisted borylation pathway. The independent hydroboration of alkyl
and aryl imines was also demonstrated at 25 °C. With a series of N,N-diborylamines in hand, their addition to carboxylic acids
allowed for the direct synthesis of amides at 120 °C, without the need for exogenous coupling reagent.

INTRODUCTION
The reduction of nitriles is an attractive way to access amines that are ubiquitous in the pharmaceutical, agrochemical,
and specialty chemical industries.1 The direct hydrogenation of nitriles represents an atom efficient approach; however, this
transformation can proceed with poor product selectivity, affording a mixture of primary and secondary amines. 2 Moreover,
nitrile hydrogenation has largely relied on the utilization of precious metals 3 since Earth-abundant metal catalysts require
elevated temperatures and H2 pressures.4 Nitrile reduction can also be achieved using stoichiometric amounts of LiAlH4 or
LiBH4; however, the pyrophoric nature of these reagents makes this method less attractive.
The dihydroboration of nitriles represents an alternative nitrile reduction strategy that yields N,N-diborylamines
(Figure 1, top), which are activated primary amine analogues. In 2012, Nikonov described a molybdenum-imido hydride
complex, (2,6-iPr2PhN)Mo(H)(Cl)(PMe3)3, that catalyzes benzonitrile and acetonitrile dihydroboration (5 mol %, 22 °C, 12 h,
TOF = 1.7 h–1).5 The scope was ultimately expanded upon and the dihydride variant (2,6-iPr2PhN)MoH2(PMe3)3 was also found
to mediate this transformation.6 In 2015, the Szymczak group demonstrated that a proton-switchable, bifunctional Ru
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compound catalyzes nitrile dihydroboration at 5 mol % loading (25–45 °C with maximum TOF of 60 h–1).7 Subsequently,
Gunanathan and coworkers reported nitrile and imine hydroboration at 60 °C using [Ru(p-cymene)Cl2]2 (1.0 mol %, 60 °C,
with TOF up to 6.7 h–1)8 while the Hill9 and Ma10 groups described β-diketiminate magnesium catalysts that operate at the same
temperature (TOF up to 20 h–1). In 2017, Shimada and coworkers achieved nitrile dihydroboration with HBcat in the presence
of nickel(II) bis(acetylacetonato) derivatives at room temperature (TOF = 11 h –1).11 Meanwhile, Nakazawa reported an ironindium complex, [Fe(CH3CN)6][cis-Fe(CO)4(InCl3)2], which successfully converted both aromatic and aliphatic nitriles into
their corresponding diborylamines in the presence of HBPin at 10 mol % catalyst loading at 80 °C (TOF = 0.4 h –1).12 Recent
reports have demonstrated that nitrile dihydroboration can be catalyzed by Lewis acids including aluminium reagents 13 and
lanthanide compounds.14 Very recently, Tobita and coworkers reported modest nitrile dihydroboration activity using HBPin in
the presence of bis(silyl)xanthene Ru catalysts.15

Figure 1. Diborylamines via Co-catalyzed nitrile dihydroboration.

Cobalt catalysts have been extensively utilized for hydride transfer reactions 16 including hydrogenation,16a,16b,16l-o
hydrosilylation,16e,16g,16h,17 and hydroboration16i-k of unsaturated substrates. Only recently has their utility been extended to
nitrile dihydroboration. In 2017, Fout and co-workers showed that (DIPPCCC)CoN2 (DIPP = 2,6-diisopropylphenyl, Figure 1,
left) catalyzes nitrile reduction in the presence of HBPin at 2.5 mol % loading at 70 °C. 18 Concurrently, our group described
an α-diimine (DI) cobalt hydride catalyst, (Ph2PPrDI)CoH (Figure 1, right), that catalyzes nitrile dihydroboration using HBPin at
a slightly lower loading (1.0 mol %) and temperature (60 °C). 19 Considering that modest nitrile dihydroboration activity was
noted for both (DIPPCCC)CoN2 and (Ph2PPrDI)CoH, we sought to prepare a catalyst for this transformation that is efficient under
ambient conditions. In the process of achieving this objective, we have revealed an unprecedented example of redox-active
ligand-assisted borylation and a new synthetic application for N,N-diborylamines.

RESULTS AND DISCUSSION
Catalyst Synthesis and Characterization. Anticipating that strong phosphine coordination may hinder substrate activation
by (Ph2PPrDI)CoH, the pyridine-substituted pyridine diimine (PDI) chelate

PyEt

PDI was chosen for evaluation. This ligand was

20

previously described and its coordination to Mn led to the development of an efficient catalyst for carbonyl hydrosilylation. 21
To commence this study, PyEtPDI (1.05 eq.) was added to CoCl2 and the mixture was heated to 95 °C in toluene. After 4 days,
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complete consumption of CoCl2 was observed, resulting in the formation of an insoluble light orange compound 1 (Eq. 1). 1H
NMR analysis revealed resonances over a 100 ppm range (Fig. S3) and magnetic susceptibility measurements using the Evans
method yielded a value of 3.8 μB at ambient temperature. These data are consistent with a high-spin Co(II)-d7 center in a pseudooctahedral geometry exposing three unpaired electrons. 22 Density Functional Theory (DFT) calculations support this
assignment and confirm that the high-spin configuration of 1 is 6.5 kcal/mol lower in energy than the low-spin analogue with
only one unpaired electron on the cobalt center. Because PDI ligands can adopt a neutral, anionic, or dianionic state and become
redox non-innocent, several possible electronic structure alternatives were considered. Most importantly, the Co(II)-center may
formally donate an electron to the PDI ligand to adopt an electronic structure that is consistent with a Co(III)–(PDI–1) system.23
Despite significant efforts, we were unable to converge to such a state in our calculations and concluded that these non-classical
states are not possible for 1.

Recrystallization of 1 from chloroform at –35 °C afforded single crystals suitable for X-ray diffraction analysis, which
confirmed a pseudo-octahedral coordination environment about Co and a square pyramidal

PyEt

PDI arrangement (Figure 2a).

Even though the chelate ethylene bridges are fairly rigid, a nearly idealized N(4)–Co(1)–N(5) angle of 89.69(15)° is observed
(See Table S2). In good agreement with the DFT results, the bond lengths of the PDI ligand in 1 are most consistent with a
neutral PDI ligand23 confirming our formal assignment of the (+II) oxidation state for the Co center.
In order to isolate a hydride complex similar to ( Ph2PPrDI)CoH,19 1 was treated with two equivalents of NaEt3BH in
toluene, which afforded a forest green compound after stirring for 7 h at room temperature. The resulting product (2, Eq. 1) is
diamagnetic based on multinuclear NMR spectroscopic analysis. In the 1H NMR spectrum, two distinguishable resonances for
the backbone methyl groups were detected; one doublet at 1.89 ppm and one upfield shifted singlet at –1.75 ppm. Accordingly,
the existence of four unique 1H NMR resonances for the chelate methylene groups suggested a lack of C2 symmetry (Fig. S4).
Although this compound was anticipated to have a hydride ligand, no hydride resonance was detected by 1H NMR spectroscopy.
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Figure 2. The solid-state structures of (a) 1 and (b) 2 at 30% probability ellipsoids. Hydrogen atoms and co-crystallized solvent
molecules are omitted for clarity.
Table 1. Notable bond lengths (in Å) and bond angles (in °) for 1 and 2.
1 (Exp)

1HS(Calc)

1LS(Calc)

2 (Exp)

2 (Calc)

Co(1)–N(1)

2.173(4)

2.177

2.097

1.858(3)

1.886

Co(1)–N(2)

2.072(4)

2.107

1.865

1.825(3)

1.839

Co(1)–N(3)

2.155(4)

2.170

1.978

1.840(3)

1.851

Co(1)–N(4)
Co(1)–N(5)
Co(1)–Cl(1)

2.187(4)
2.149(4)
2.4213(13)

2.236
2.162
2.368

2.356
1.944
2.406

1.914(2)
–
–

1.934
–
–

N(1)–C(2)

1.271(7)

1.282

1.289

1.355(4)

1.352

C(2)–C(3)

1.489(8)

1.487

1.480

1.409(5)

1.421

C(3)–N(2)

1.348(7)

1.334

1.339

1.382(4)

1.369

N(2)–C(7)

1.331(7)

1.333

1.344

1.342(4)

1.333

C(7)–C(8)

1.483(8)

1.487

1.476

1.508(4)

1.504

C(8)–N(3)

1.284(7)

1.286

1.292

1.473(4)

1.462

147.36(16)

145.5

158.2

164.65(11)

165.7

N(2)–Co(1)–N(4)

99.37(16)

100.5

94.9

169.30(11)

171.5

N(2)–Co(1)–N(5)

162.37(17)

160.4

171.9

–

–

Cl(1)–Co(1)–N(4)

162.05(12)

162.3

170.5

–

–

N(1)–Co(1)–N(3)

Single crystals of 2 obtained from a concentrated ether/pentane solution at –35 °C were then analyzed by X-ray
diffraction, which revealed κ4-N,N,N,N-chelate coordination around Co with one uncoordinated pyridine arm (Figure 2b).
Unexpectedly, hydride migration to an imine carbon atom took place (consistent with a C(8)-N(3) single bond distance of
1.473(4) Å), turning the formally neutral PDI chelate into an anionic imino(pyridal)amide ligand. The N(1)–C(2) and C(3)–
N(2) distances of 1.355(4) and 1.382(4) Å are elongated and the C(2)–C(3) distance of 1.409 Å is contracted when compared
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to neutral IP ligands (which exhibit distances of 1.28, 1.35, and 1.47 Å, respectively),24 suggesting that the chelate of 2 is singly
reduced. A contracted Co(1)–N(4) bond length of 1.914(2) Å is consistent with reported Co(II)–Namide distances of Co(II)
complexes,25 and the bond angles of N(1)–Co(1)–N(2), N(1)–Co(1)–N(3), N(2)–Co(1)–N(3), and N(2)–Co(1)–N(4) were
determined to be 82.11(11)°, 164.65(11)°, 84.12(11)°, and 169.30(11)°, respectively, giving rise to a distorted square planar
geometry around the Co(II) center. DFT calculations show that singlet 2 (12), where the cobalt adopts a low-spin state and the
unpaired electron is antiferromagnetically coupled to the ligand-based radical, is the lowest energy configuration with the
putative triplet high-spin analogue (32) being 3.5 kcal/mol higher in energy, as illustrated in Figure 3. Notably, these spin states
possess different coordination environments about cobalt. In 32, the three t2-like frontier orbitals are utilized to accommodate
the three unpaired electrons. Moving to the energetically preferred low-spin 12, first-order Jahn-Teller distortion demands a
more square-planar geometry.26

Figure 3. DFT-optimized geometries and corresponding (a) electronic structures and (b) Mulliken spin density (isovalue =
0.005) of 32 and 12. Gibbs free energies are given in kcal/mol. Hydrogen atoms are omitted for clarity.
Nitrile Dihydroboration. Having isolated and characterized 2, this precatalyst was tested for nitrile dihydroboration activity.
In our previous study,19 HBPin was found to be a suitable reductant for nitriles and a slight excess (2.2 eq.) was determined to
enable complete conversion. Following these criteria, a benzene-d6 solution of benzonitrile and HBPin was added to 1 mol %
of 2. The progress of the reaction was monitored by 1H NMR spectroscopy, and remarkably, >99% conversion of the starting
material to N,N-diborylamine was observed after 2 h at room temperature. Inspired by this result, 14 additional nitriles were
tested (Table 2) and the respective N,N-diborylamine products were isolated via recrystallization from ether in modest yield.
Precatalyst 2 was found to be efficient in reducing substituted benzonitriles that feature electron-donating (Entry ii and iii) and
electron-withdrawing groups (Entry iv, v and vi) within the 2 h reaction time frame. The reduction of 4-fluorobenzonitrile and
4-(trifluoromethyl)benzonitrile (Entry v and vi) generated noticeable heat, suggesting that electron-withdrawing groups
facilitate dihydroboration when compared to electron-donating groups and that there is a significant thermodynamic driving
force for N,N-diborylamine formation. Precatalyst 2 was also determined to be tolerant of various functional groups including
halides (Entry iv-vi), ethers (Entry iii, vii), and heterocycles (Entry viii). Aliphatic nitriles were also studied and it was found
that acetonitrile reached complete conversion (Entry ix) while propionitrile and isobutyronitrile reached 74% and 52%
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conversion (Entry x and xi), respectively, after 2 h at room temperature. However, amine and phosphine functionalities were
found to hinder catalysis. 3-(Dimethylamino)propionitrile was determined to be only 43% converted to its corresponding
diborylamine within 2 h and took 3 days for complete conversion, possibly due to substrate- and product-based NMe2
coordination. At ambient temperature, 2-(diphenylphosphino)propionitrile did not undergo hydroboration, suggesting that
phosphine

coordination

inhibits

nitrile

binding.

Immediately

upon

adding

a

mixture

of

HBPin

and

2-

(diphenylphosphino)propionitrile to 2, a color change from forest green to red was noticed, further substantiating this possibility.
Heating this mixture to 60 °C allowed for the complete conversion of starting material within 2 h (Entry xiii); consistent with
the fact that (Ph2PPrDI)CoH-mediated dihydroboration requires heating to 60 °C.19 Suspecting that 2 might be active for carbonyl
hydroboration, 3.3 eq. of HBPin was added for the reduction of 4-acetylbenzonitrile, and after 2 h, it was found that both the
acetyl and nitrile groups were reduced (Entry xiv). Conducting the dihydroboration of 4-methoxybenzonitrile in the dark did
not reduce percent conversion under the same conditions, suggesting that light is not required for catalysis.
Table 2. Ambient temperature dihydroboration of nitriles using 2.

Isolated yields in parentheses. aConversion at 2 h, complete conversion noted at 24 h. bConversion at 2 h, complete conversion noted at 72 h. cConversion after
heating to 60 °C for 2 h. d3.3 equivalents of HBPin used.

To further define the utility of 2, hydroboration experiments were conducted with a reduced catalyst loading under
neat conditions. The dihydroboration of benzonitrile and 4-fluorobenzonitrile with 0.1 mol % 2 after 2 h in the absence of
solvent showed 47% and 76% conversion, respectively, which equate to TOFs of 235 and 380 h–1, respectively. A series of
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control experiments were also conducted. Under the same conditions, the addition of 4-fluorobenzonitrile to HBPin in the
absence of catalyst resulted in no detectable N,N-diborylamine after 2 h at ambient temperature. Given that magnesium, 9-10
aluminum,13 and lanthanide14 compounds have been shown to catalyze nitrile dihydroboration, we decided to screen several
Lewis acid sources in the process of conducting control experiments. Although benzonitrile dihydroboration conversion was
not observed using common Fe(II), Fe(III), Al(III), and La(III) sources, the addition of 10 mol % BF3ᐧEt2O allowed for 10%
conversion after 5 h at ambient temperature (Table S4). Surprisingly, 10 mol % BH 3ᐧTHF, which is a common precursor for
the preparation of HBPin, was found to catalyze benzonitrile dihydroboration to generate PhCH2N(BPin)2, with 24%
conversion noted after 5 h at 25 °C (51% conversion after 5 h at 60 °C). Although catalyst 2 is significantly more active than
BH3, researchers evaluating the performance of catalysts for nitrile dihydroboration must pay special attention to the purity of
their B–H source, especially if such trials are being heated.
Mechanism of Nitrile Dihydroboration. The mechanism of nitrile dihydroboration mediated by 2 was investigated using
computational molecular modeling techniques augmented by a series of experiments. To obtain more information about the
active form of the catalyst, one equivalent of 4-methoxybenzonitrile was added to a benzene-d6 solution of 2; however, no
reaction was observed even after 24 h at room temperature based on 1H NMR spectroscopy. Thus, 2 does not react directly
with the nitrile substrate and requires an activation step, most likely involving a reaction with HBPin.
To test this hypothesis, one equivalent of HBPin was added to 2. Although a transient color change was noticed, the
solution immediately turned back to the catalyst color. The 1H NMR spectrum of this mixture showed 2 as the major constituent
along with new resonances for a second product. Adding a total of 2.2 equivalents of HBPin gave complete conversion to the
newly formed product, as judged by 1H NMR spectroscopy. Integration of the methyl resonances between 0.88–1.22 ppm
accounted for 24 H (Fig. S7) and 13C NMR spectroscopy showed the presence of two HBPin quaternary carbon environments
at 82.25 and 83.22 ppm (Fig. S8). These spectroscopic observations suggest the formation of complex 3 (Eq. 2), which contains
two pinacolborane functionalities, one of which is bound to the chelate amide nitrogen atom.

Interestingly, no reaction was observed upon addition of the nitrile substrate to 3, indicating that this compound is a
deactivation product. When one equivalent of HBPin was added to a 1:1 mixture of 2 and 4-methoxybenzonitrile, all HBPin
was consumed and the N,N-diborylamine product was detected immediately along with unreacted nitrile as judged by 1H NMR
spectroscopy. Moreover, adding a second equivalent of HBPin to this mixture resulted in complete conversion of 4methoxybenzonitrile to N,N-diborylamine. For (DIPPCCC)CoN2-catalyzed alkene and nitrile hydroboration,18 the oxidative
addition of borane to generate a metal hydride intermediate was proposed to be the catalyst activation step. In our case, a
transient cobalt hydride is formed, but it quickly reacts with a second equivalent of HBPin or incoming nitrile, preventing its
observation.
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Figure 4. Catalytic cycle for 2-catalyzed nitrile dihydroboration.

Figure 5. DFT-calculated energy profile of 2-catalyzed acetonitrile dihydroboration involving antiferromagnetically coupled
(AF) -singlet and -triplet spin states.
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Figures 4 and 5 summarize the reaction mechanism obtained from our DFT calculations. Although the precatalyst
ground state is an antiferromagnetically coupled singlet ( 12), as mentioned above, the triplet analogue 32 is found to be much
more reactive. Thus, we propose that the first step involves intersystem crossing into the triplet surface, where an equivalent of
HBPin is first engaged to give the reactant complex 3A featuring a four-membered Co–H–B–N metallacycle with an activated
H–B bond. Metallacycles of this type have been reported, isolated, and crystallographically characterized during Mn-catalyzed
carbon dioxide hydroboration.27 In this case, 3A is highly unstable, as σ–bond metathesis traversing the pseudo-transition state
3

A-TS to give the Co-hydride intermediate 3B at –5.7 kcal/mol is barrierless. The same reaction requires 6.1 kcal/mol on the

singlet surface, as shown in grey in Figure 5.
After the nitrile substrate, representatively modeled as acetonitrile in our calculations, binds to active catalyst 3B to
furnish intermediate 3C at 2.8 kcal/mol, insertion into the Co–H bond occurs in an exergonic manner due to the formation of
stable C–H bond. The overall barrier of insertion associated with the transition state 3C-TS is the highest barrier of the first
reduction cycle at 18.8 kcal/mol, which is consistent with a rapid reaction even at room temperature. To complete the first
reduction cycle, the cobalt iminoamide complex 3D undergoes ligand-assisted borylation, where the pendant ligand arm that
temporarily carried the boryl group reattaches to the metal and initiates a 1,3-migration of the boryl group traversing the
transition state 3D-TS with a barrier of 8.1 kcal/mol to produce the corresponding borylimine intermediate product and
regenerate the precatalyst in 3E.
Formally, the borylimine intermediate product may detach from the precatalyst and be engaged by a second catalyst
equivalent, as illustrated in the dashed blue box in Figure 5, but it is more convenient to assume that the borylimine remains
coordinated and the second equivalent of HBPin is consumed to afford the reactant complex for the second reduction cycle.
Our calculations indicate that this is an energetically viable scenario and the borylimine substrate remains firmly bound to the
Co-center through the imino-nitrogen in the intermediate 3G, which was located at –12.8 kcal/mol. Once it undergoes
rearrangement which involves support from the ethylpyridine arm to form the analogous intermediate 3H, subsequent insertion
of the borylimine substrate into the Co–H bond can be readily facilitated traversing 3H-TS as illustrated in Figure 6. This step
is found to be highly exergonic with the insertion product 3I being at –44.1 kcal/mol and the barrier being only 9.8 kcal/mol
(3G → 3H-TS). The notably different insertion profiles in the first and second reduction cycles are easy to understand
considering that imines have weaker C–N bonds than nitriles and are also easier to engage because of the imino-N lone pair.
The ability of 2 to catalyze imine hydroboration at 25 °C has been verified, and several examples are provided in Table S5.
Finally, ligand-assisted borylation takes place to regenerate 2 and produce the final product, EtN(BPin)2. These energy profiles
explain why it was impossible to observe borylimine intermediates by NMR spectroscopy during nitrile dihydroboration.

Figure 6. DFT-optimized geometries of 3H and 3H-TS. Only important hydrogen atoms are shown for clarity. Gibbs free
energy and bond lengths are given in kcal/mol and Å, respectively.
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The two reduction cycles leading to nitrile dihydroboration are summarized by several key steps, as illustrated in
Figure 4. Reaction of 2 with one equivalent of HBPin produces a transient cobalt hydride intermediate (B) following B–H bond
addition across the cobalt–amide bond. This reactive intermediate coordinates and inserts an incoming nitrile to generate the
corresponding cobalt iminoamide complex (D). In order to utilize the borane equivalent being stored by the ligand, D can then
undergo intramolecular 1,3-migration to release the corresponding borylimine (E). The consumption of a second equivalent of
HBPin allows σ–bond metathesis to proceed and produces the cobalt hydride intermediate with the borylimine substrate bound
to the cobalt-center (G). The borylimine moiety can subsequently insert into the cobalt–hydride bond to furnish the
corresponding cobalt borylamido intermediate (I). Analogous transfer of BPin from the chelate to the amido ligand ultimately
allows for N,N-diborylamine product release.

Utilization of Diborylamines for Amide Coupling. The reactivity of N,N-diborylamines remains understudied since primary
amine derivatives of this type have only recently been prepared via hydroboration. In 2015, Nikonov and coworkers discovered
that PhCH2N(BCat)2 reacts with benzaldehyde to produce the corresponding imine without the need for a dehydrating agent. 6
Borylamines can also serve as iminium generators, which can participate in nucleophilic addition reactions with enolates and
cyanides.28 Tobita and coworkers very recently reported that boryl- and diborylamines can be cross-coupled to aryl bromides
in the presence of excess KOtBu and a catalytic quantity of Pd(dba)2 and CyJohnPhos.15
Given that their applications remain limited, we have begun to evaluate the ability of N,N-diborylamines to act as
amide-generating reagents. Upon heating a stoichiometric mixture of PhCH2N(BPin)2 and benzoic acid in benzene-d6 to 120 °C
in the absence of catalyst, complete conversion to N-benzylbenzamide and O(BPin)2 was observed after 24 h. Recrystallizing
this product mixture from benzene allowed for amide isolation in modest yield (Table 3, Entry i). Under the same conditions,
four additional N,N-diborylamines from Table 2 were added to benzoic acid to prepare amides (Entry ii-v). We have also found
that PhCH2N(BPin)2 undergoes direct coupling with 3-dimethylaminobenzoic acid and thiazole-4-carboxylic acid to prepare
the respective N-benzyl amide (Entry vi-vii).
Table 3. Direct synthesis of N-substituted amides from carboxylic acid and the respective N,N-diborylamine.

Percent conversion with isolated yields following benzene recrystallization in parentheses.
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The examples in Table 3 represent the first reported uses of N,N-diborylamines as coupling partners to prepare Nsubstituted amides. While the substrate scope for this reaction is shown only as a proof of principle and is consequently limited,
we expect that this methodology can be used to prepare a broad variety of amides, which are of widespread importance in
biochemistry and the pharmaceutical industry. We hope to report the optimization, substrate scope, functional group tolerance,
and mechanism of this transformation in a forthcoming contribution. 29

CONCLUSIONS
Hydride transfer to

PyEt

PDI allowed for the preparation of 2, which possesses a singlet ground state featuring a low-

spin Co(II) center that is antiferromagnetically coupled to a ligand-based radical. This compound has been found to catalyze
the dihydroboration of nitriles at ambient temperature with turnover frequencies of up to 380 h –1, the highest reported for this
transformation. While the catalyst was found to be tolerant of various functional groups, Lewis basic amine and phosphine
substituents are believed to inhibit ambient temperature nitrile reduction due to competitive binding. Ultimately, a subset of the
isolated N,N-diborylamine products were heated in the presence of a carboxylic acid to prepare the corresponding amides, a
transformation that expands the known synthetic utility of such reagents. Detailed DFT calculations reveal that catalyst
activation occurs via Co–N bond hydroboration and the entire catalytic cycle employes high-spin Co(II)-species, including the
nitrile and borylimine insertion steps. Notably, elimination of the product is permitted by boryl group transfer from the ligand,
allowing for concerted ligand redox and chemical non-innocence. Catalyst design strategies that bundle ligand-based electron
storage with secondary sphere group transfer therefore represent a promising approach to enhance first-row metal catalyst
efficiency, while lowering the required reaction temperature.

EXPERIMENTAL DETAILS
General Considerations: All reactions were performed inside an MBraun glovebox under an atmosphere of purified nitrogen.
Toluene, tetrahydrofuran, pentane, and diethyl ether were purchased from Sigma-Aldrich, purified using a Pure Process
Technology solvent system, and stored in the glove box over activated 4 Å molecular sieves and sodium before use. Benzened6 and chloroform-d were purchased from Cambridge Isotope Laboratories and dried over 4 Å molecular sieves. 2,6Diacetylpyridine, 2-(2-aminoethyl)pyridine, and benzonitrile were obtained from TCI America. 4-Methoxybenzonitrile, ptolunitrile, 4-fluorobenzonitrile, 4-(trifluoromethyl)benzonitrile, 4-chlorobenzonitrile, 2-phenoxyacetonitrile, propionitrile,
isobutyronitrile,

benzoic

acid,

(dimethylamino)propionitrile,

and

3-phenylpropanoic

4-acetylbenzonitrile,

acid

sodium

were

obtained

triethylborohydride,

from Oakwood.
pinacolborane,

Acetonitrile,
iodine,

and

33-

dimethylaminobenzoic acid were purchased from Sigma Aldrich. Cobalt dichloride was obtained from Strem while 2furonitrile

and

thiazole-4-carboxylic

acid

were

obtained

from

CombiBlocks.

PyEt

PDI20

and

3-

30

(diphenylphosphino)propionitrile were synthesized according to literature procedures. Propionitrile and isobutyronitrile were
dried over CaH2 and distilled prior to use and all other liquid substrates were dried over 4 Å molecular sieves. 4Fluorobenzonitrile was recrystallized from diethyl ether. Celite was purchased from Acros. The N,N-diborylamine products in
Table 2 were isolated following recrystallization from diethyl ether under inert atmosphere since they decompose slowly in air.
Solution 1H NMR spectra were recorded at room temperature (40 °C for 2) on a Varian 400-MR (400 MHz) or Bruker Ascend
500 MHz NMR spectrometer. All 1H NMR and 13C NMR chemical shifts are reported in parts per million relative to Si(CH 3)4
using internal Si(CH3)4 or 1H (residual) and 13C chemical shifts of the solvent as secondary standards. 19F NMR spectra are
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referenced to internal TMS through the proton channel. Elemental analyses were performed at Robertson Microlit Laboratories
Inc. (Ledgewood, NJ). Solution state magnetic susceptibility was determined via the Evans method31 on the Varian 400 MHz
NMR spectrometer.
Preparation of [(PyEtPDI)CoCl][Cl] (1): In a nitrogen filled glove box, a 100 mL thick-walled glass vessel was charged with
CoCl2 (1.166 g, 8.98 mmol) followed by PyEtPDI (3.50 g, 9.43 mmol) in approximately 30 mL of toluene. The apparatus was
sealed, taken outside the box and heated at 95 °C in a pre-heated oil bath. After stirring for 4 days, the reaction mixture was
filtered through Celite using chloroform and the solvent was removed under vacuum. The residual light brown solid was washed
with pentane to remove unreacted ligand and then dried to yield 0.745 g (1.49 mmol, 17%) of a light brown solid identified as
(PyEtPDI)CoCl2 (1). Single crystals of 1 as a pentachloroform solvate were obtained upon cooling a concentrated CHCl3 solution
to –35 °C. Anal. Calcd. for C23H25N5Cl2Co·2(CHCl3): C, 40.57%; H, 3.67%; N, 9.46%. Found: C, 40.88%; H, 3.79%; N, 9.46%.
Magnetic susceptibility (Evans method in acetonitrile-d3 solvent, 25 °C): μeff = 3.8 μB. 1H NMR (chloroform-d, 25 °C): δ 91.41
(3233 Hz), 21.02 (49 Hz), 16.35 (1491 Hz), 15.02 (1491 Hz).
Preparation of (𝜅4-N,N,N,N-PyEtIPCHMeNEtPy)Co (2): In a nitrogen filled glove box, a 100 mL round bottom flask was filled
with 1 (99.9 mg, 0.1993 mmol) in approximately 20 mL of toluene and cooled in a liquid nitrogen cooled cold well for 20 min.
A 20 mL scintillation vial containing a 1.0 M solution of NaEt3BH (0.4 mL, 0.3985 mmol) in toluene was also cooled in the
cold well for 20 minutes. Then, the NaEt3BH was added dropwise to the round bottom flask containing the suspension of 1 in
toluene. Initially, the color changed from light green to red and then to forest green color. After stirring for 7 h, the reaction
mixture was filtered through Celite to remove the NaCl byproduct and then the solvent was removed under vacuum. The residue
was washed with twice with pentane (3 mL each time) and then dried to obtain 64.5 mg (0.150 mmol, 75%) of a forest green
solid identified as 2. Single crystals were obtained by cooling a concentrated ether/pentane solution at –35 °C. Anal. Calcd for
C23H26N5Co: C, 64.03%; H, 6.07%; N, 16.23%. Found: C, 63.62%; H, 6.28%; N, 15.86%. 1H NMR (500 MHz, toluene-d8,
40 °C): 9.20 (d, J = 6.4 Hz, 1H, pyridyl), 8.66 (br, 1H, pyridyl), 7.75 (m, 1H, pyridyl), 7.71 (d, J = 8.2 Hz, 1H, pyridyl), 7.62
(t, J = 7.5 Hz, 1H, pyridyl), 7.28 (t, J = 6.3 Hz, 1H, pyridyl), 6.91 (m, 2H, pyridyl), 6.58 (d, J = 7.6 Hz, 1H, pyridyl), 6.54 (m,
1H, pyridyl), 6.30 (m, 1H, pyridyl), 6.25 (m, 1H, –CH), 3.82 (br, 1H, –CH2), 3.55 (br, 1H, –CH2), 3.25 (br, 1H, –CH2), 2.95
(br, 1H, –CH2), 2.81 (br, 1H. –CH2), 2.33 (br, 1H, –CH2), 1.93 (d, J = 6.4 Hz, 3H, –CH3), 1.71 (br, 1H, –CH2), -1.78 (s, 3H, –
CH3).
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C NMR (126 MHz, toluene-d8, 40 °C): 178.71 (C=N), 162.43 (pyridyl), 161.96 (pyridyl), 153.30 (pyridyl), 152.00

(pyridyl), 137.66 (pyridyl), 133.98 (pyridyl), 133.73 (pyridyl), 132.00 (pyridyl), 128.78 (pyridyl), 122.76 (pyridyl), 122.66
(pyridyl), 122.38 (pyridyl), 120.00 (pyridyl), 114.42 (pyridyl), 102.60 (pyridyl), 72.47 (–CH), 49.76 (–CH2), 48.64 (–CH2),
46.81 (–CH2), 37.68 (–CH2), 24.15 (–CH3), 20.20 (–CH3).
Preparation of (𝜅3-N,N,N-PyEtIPCHMeN(BPin)EtPy)Co(BPin) (3): In a nitrogen filled glove box, a 20 mL scintillation vial was
filled with 2 (19.9 mg, 0.0461 mmol) in approximately 10 mL of diethyl ether and stirred. To this stirred solution, 14.7 μL
(0.1015 mmol) of pinacolborane was added. Immediately, a color change was observed from forest green to dark brown. After
stirring for 24 h, the reaction mixture was filtered through Celite and then the solvent was removed under vacuum. The residue
was washed twice with pentane (3 mL each time) and then dried to obtain 28.5 mg (0.042 mmol, 90%) of dark brown solid
identified as 3. Anal. Calcd for C35H50B2N5O4Co: C, 61.34%; H, 7.35%; N, 10.22%. Found: C, 59.55%; H, 8.03%; N, 8.45%.
1

H NMR (400 MHz, toluene-d8): 8.40 (br, 1H, phenyl), 7.23 (br, 3H, phenyl), 7.10 (m, 3H, phenyl), 6.81 (m, 2H, phenyl), 6.59

(m, 2H, phenyl), 4.82 (m, 1H, –CH), 3.53 (br, 2H, –CH2), 3.03 (m, 2H, –CH2), 2.12 (s, 3H, –CH3), 1.77 (d, J = 5.4 Hz, 3H, –
CH3), 0.86-1.22 (s, 24H, –C(CH3)2), one –CH2 not detected. 13C NMR (126 MHz, toluene-d8): 163.81 (imine), 161.54 (pyridyl),
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149.84 (pyridyl), 135.66 (pyridyl), 123.58 (pyridyl), 121.04 (pyridyl), 119.75 (pyridyl), 83.22 (OC(CH3)2), 82.25 (OC(CH3)2),
57.88 (–CH), 45.92 (–CH2), 41.60 (–CH2), 41.44 (–CH2), 25.01 (–CH3), 20.81 (–CH3), 15.92 (–CH3).
Computational Details: All calculations were carried out using DFT32 as implemented in the Jaguar 9.1 suite33 of ab initio
quantum chemistry programs. Geometry optimizations were performed with M0634 functional and the 6-31G** basis set for
main group atoms. Co was represented using the Los Alamos LACVP basis. 35 The energies of the optimized structures were
reevaluated by additional single point calculations on each optimized geometry using Dunning’s correlation consistent tripleζ basis set cc-pVTZ(-f)36 that includes a double set of polarization functions. For Co, we used a modified version of LACVP,
designated as LACV3P, in which the exponents were decontracted to match the effective core potential with triple-ζ quality.
Solvation energies were evaluated by a self-consistent reaction field (SCRF) approach based on accurate numerical solutions
of the Poisson-Boltzmann equation. In the results reported, solvation calculations were carried out with the 6-31G**/LACVP
basis at the optimized gas-phase geometry employing the dielectric constants of ε = 2.284 for benzene and 2.379 for toluene.
As is the case for all continuum models, the solvation energies are subject to empirical parametrization of the atomic radii
that are used to generate the solute surface. We employed the standard set of optimized radii in Jaguar for H (1.150 Å), B
(2.042 Å), C(1.900 Å), N(1.600 Å), O(1.600 Å) and Co(1.436 Å). 37 Analytical vibrational frequencies within the harmonic
approximation were computed with the 6-31G**/LACVP basis to confirm proper convergence to well-defined minima or
saddle points on the potential energy surface.
The energy components have been computed with the following protocol. The free energy in solution phase G(sol) has been
calculated as follows:
G(sol) = G(gas) + Gsolv (3)
G(gas) = H(gas) – TS(gas) (4)
H(gas) = E(SCF) + ZPE (5)
ΔE(SCF) = ΣE(SCF) for products – ΣE(SCF) for reactants (6)
ΔG(sol) = ΣG(sol) for products – ΣG(sol) for reactants (7)
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