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ABSTRACT: In the past decade, the use of earth-abundant metals in homogeneous catalysis has flourished. In particular, metals
such as cobalt and iron have been used extensively in reductive transformations including hydrogenation, hydroboration, and
hydrosilylation. Manganese, on the other hand, has been considerably less explored in these reductive transformations. Here, we

report a well-defined manganese complex, [Mn(
iPrBDI)(OTf)2] (2a; BDI = bipyridinediimine), that is an active precatalyst in the

hydroboration of a variety of electronically differentiated alkenes (>20 examples). The hydroboration is specifically selective for
terminal alkenes and occurs with exclusive anti-Markovnikov selectivity. In contrast, when using the analogous cobalt complex

[Co(
iPrBDI)(OTf)2] (3a), internal alkenes are hydroborated efficiently, where a sequence of isomerization steps ultimately leads to

their hydroboration. The contrasting terminal versus internal alkene selectivity for manganese and cobalt was investigated
computationally and is further discussed in the herein-reported study.

■ INTRODUCTION

The continuous effort to present a more sustainable outlook
for future generations has led to a renaissance in the use of
earth-abundant metals in homogeneous catalysis.1 Their
natural abundance, low toxicity, and ready availability have
been strong incentives to replace their less environmentally
friendly noble-metal counterparts. Furthermore, the smaller
ionic radii and typically high-spin electronic structures of earth-
abundant metals have resulted in a unique reactivity that can
be otherwise hard to realize with their heavier congeners.2 The
success of earth-abundant metals results not only from their
unique reactivity in different spin states3 but also from their
ability to engage in reliable two-electron chemistry via metal−
ligand cooperativity.4 As a result, during the past few years,
earth-abundant metals have extensively been utilized as
catalysts in many organic transformations.5,6

From among the earth-abundant metals such as manganese,
iron, and cobalt, catalysts that are based on iron and cobalt

have received much attention in recent years.7 In contrast,
reductive transformations with manganese have been under-
represented in the literature.8 Typically, manganese-mediated
transformations are reported for manganese(I), which avoids
the unfavorable high-spin (S = 5/2) configuration of
manganese(II).9,10 Indeed, the groups of Milstein,11

Kempe,12 Beller,13 Kirchner,14 and others15 have demonstrated
that manganese(I) can be an effective catalyst in several
organic transformations.8 Yet, the application of manganese in
the hydroboration of alkenes has rarely been reported.16
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The hydroboration of alkenes is an effective and atom-
economic method for generating alkylboronate esters, which
are versatile reagents in many organic transformations,17

particularly in metal-mediated cross-coupling reactions.18

Traditionally, catalytic alkene hydroboration has been
catalyzed by precious metals such as rhodium, ruthenium,
and iridium.19 At present, alkene hydroboration with earth-
abundant metals such as cobalt,20 iron,21 nickel,22 and
copper23 is well established,24 while for manganese, only a
few reports have appeared in the recent literature.16

To better understand the differences between manganese
and cobalt in the hydroboration of alkenes and to expand the
limited use of manganese in this useful transformation, we

prepared isostructural complexes [Mn(
iPrBDI)(OTf)2] (2a;

BDI = bipyridinediimine) and [Co(
iPrBDI)(OTf)2] (3a). As

we will demonstrate, the manganese complex 2a is an active
precatalyst for the hydroboration of terminal alkenes. The
hydroboration occurs with exclusive anti-Markovnikov regio-
selectivity (Figure 1) and with good functional group tolerance
in both linear olefins and styrenes. When the metal center is
changed from manganese (2a) to cobalt (3a), the reactivity
toward internal alkenes can be turned on, resulting in their
isomerization−hydroboration (Figure 1), which is a topic of
much current interest.25 The observed metal-based divergence
between manganese and cobalt was investigated computation-
ally, suggesting that the metal-dependent selectivity results
from olefin migratory insertion into the metal hydride, which is
more favorable for cobalt than for manganese. Furthermore,
the effect of the spin state was also investigated, revealing that
high-spin manganese(II) complexes can be beneficial for
catalysis.

■ RESULTS AND DISCUSSION

Synthesis of Manganese and Cobalt Metal Com-
plexes. We commenced our studies by synthesizing the
corresponding manganese and cobalt complexes 2a and 3a.
Stirring an acetonitrile solution of the BDI ligand with an
anhydrous metal triflate salt resulted in the clean formation of
complexes 2a and 3a. The 1H NMR spectra of 2a and 3a only
show (broad) proton resonances between −20 and 150 ppm,
consistent with the formation of paramagnetic species (Figures
S15 and S19). However, their high-resolution mass spectrom-
etry spectra are consistent with the formation of 2a and 3a. We
note that, on the basis of 19F NMR spectroscopy, it is highly
likely that the triflates in complexes 2a and 3a are not bound to
the metal center in solution.

Structural details for complexes 2a and 3a were obtained by
X-ray crystallographic studies on crystals formed via the slow
vapor diffusion of diethyl ether into a concentrated solution of
2a or 3a in acetonitrile (Figure 2). Both complexes are similar

in structure, with two axially bound triflates and the four
nitrogen atoms of the BDI ligand (N1−N4) in the equatorial
plane. On the basis of charge balance, the manganese and
cobalt metal centers are assigned as manganese(II) and
cobalt(II), respectively. The average Cimine−Nimine distances
of 1.282(7) Å (2a) and 1.281(4) Å (3a) and the average
Cipso−Cimine distances of 1.480(8) Å (2a) and 1.499(4) Å (3a)
are also indicative of an M(II) (M = metal) center that is
supported by a neutral BDI ligand (Table S2).26

The paramagnetic nature of complexes 2a and 3a was
further confirmed by SQUID magnetometry via temperature-
dependent analysis of the magnetic moment (Figure 3). For
the manganese complex 2a, the magnetic moment is nearly
temperature-independent between 300 and 6 K (μeff = 6.05−
6.11) and decreases below 6 K to 5.72 (Figure 3, red trace).
The room temperature value of μeff = 6.05 is close to the
expected spin-only value of 5.92 for an S = 5/2 system,
consistent with an assignment of [MnII(BDI)0(OTf)2]
containing a high-spin MnII d5 metal center.27 For cobalt,
the room temperature value of the magnetic moment of μeff =
4.82 (3a) is higher than the spin-only value of 3.87 expected
for a spin 3/2 system, but deviation is commonly observed for
high-spin CoII d7 metal complexes.27d,28 Below 130 K, the

Figure 1. Metal-dependent (manganese versus cobalt) selectivity in the hydroboration of terminal and internal alkenes, leading to their
isomerization/hydrofunctionalization with cobalt.

Figure 2. Solid-state structures of (A) 2a and (B) 3a. Thermal
ellipsoids are shown at the 30% probability level. Hydrogen atoms and
cocrystallized solvent molecules are omitted for clarity.
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magnetic moment gradually decreases to a value of μeff = 4.07
at 2K, most probably because of weak intermolecular
antiferromagnetic interactions at low temperature (Figure 3,
blue trace).
Catalytic Hydroboration. With complexes 2a and 3a in

hand, we explored their initial reactivity in the hydroboration
of unactivated alkenes. The hydroboration of alkenes is an
important reaction that gives facile access to alkylboronate
esters frequently used as intermediates in the fine chemical
industry. Using complex 2a (5 mol %), in the presence of
pinacolborane (HBpin; 3 equiv) with NaOtBu (15 mol %) as
the activator,29 1-hexene was selectively converted to the
corresponding terminal alkylboronate ester. The reaction
occurs under mild conditions (60 °C, N2) and typically takes
24 h to reach complete conversion. Under these conditions,
further investigation into the substrate scope demonstrates that

2a hydroborates a variety of alkenes with excellent yields
(>99%) and with exclusive anti-Markovnikov regioselectivity
(Table 1). The functional group tolerance includes halogens
(4d), ethers (4e and 4g), internal alkenes (4i), and silyl
substituents (4f), although the (silyl)ether substituent in 4g
does give somewhat of a diminished yields (Table 1; 60−70%).
Aside from linear alkenes, various electronically and sterically
differentiated styrenes are also borylated with high efficiency
and regioselectivity. For example, para-substituted styrenes
bearing electron-withdrawing (e.g., −F, −Cl, −Br, or −CF3) or
electron-donating (e.g., −OMe or −Me) substituents are
hydroborated with excellent yields (85−99%) and with
exclusive anti-Markovnikov regioselectivity (Table 1; entries
4l−4q). Changing the substitution pattern from para to either
ortho or meta affects neither the yield nor the regioselectivity
of the reaction (Table 1; entries 4r−4t). These results
demonstrate that the manganese complex 2a is an effective
precatalyst for the hydroboration of a wide variety of
substituted alkenes, with observed anti-Markovnikov regiose-
lectivities (>98%) that are comparable to the state-of-the-art for
manganese.16a,b

Recently, there has been considerable interest in alkene
isomerization/hydrofunctionalization of olefins.25 In this
context, several studies have shown that cobalt complexes are
good catalysts for this synthetically useful transforma-
tion.20d,n,o,q We thus envisioned that changing the metal
center from manganese (2a) to cobalt (3a) might give us
access to this highly useful reaction via the selective
isomerization of internal alkenes.16c

Using catalytic conditions similar to those for manganese
(Table 1), we explored the activity of the cobalt complex 3a in
the hydroboration of alkenes (Table 2). To our delight, the
cobalt catalyst 3a affords good yields and exclusive anti-
Markovnikov selectivity in the hydroboration of terminal
alkenes. (Table 2, 4a−4c, 4f, 4h, and 4i). Styrene, on the other
hand, gives a mixture of α- and β-substituted products, with a
fair degree of hydrogenation of the double bond (Table 2; 4k).
The results obtained for 3a and styrene are in direct contrast to

Figure 3. Temperature dependence of the effective magnetic moment
(μeff) for complexes 2a (red circles) and 3a (blue circles).

Table 1. Substrate Scope of the Manganese-Catalyzed (2a) Hydroboration of Terminal Alkenesa

aReactions were performed with alkene (0.5. mmol), HBpin (1.5 mmol, 3.0 equiv), NaOtBu (0.075 mmol, 15 mol %), and catalyst 2a (5 mol %) at
60 °C for 24 h (Table 1). Yields were determined by 1H NMR spectroscopy in the presence of an internal standard. In all substrates, hydroboration
occurs with almost exclusive anti-Markovnikov regioselectivity (≥98%).
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the observed regioselectivity with 2a, which exclusively gives
the linear β-substituted (anti-Markovnikov) borylation product
(vide supra). An additional difference between 2a and 3a is
that while the manganese catalyst 2a does not show any
reactivity toward internal alkenes, 3a efficiently borylates
internal alkenes to produce the terminal alkylboronate esters in
good yields (Table 2). The hydroboration of internal alkenes
occurs irrespective of the position of the double bond (Table
2, e.g., 4a; 2-octene vs 4-octene), although shorter alkenes are
generally borylated more efficiently than longer ones (Table 2;
compare 4a with 4b). Aside from the position of the double
bond, their geometry is also important. For example, when
using cis-3-hexene, yields are lower than those for trans-3-
hexene (compare 4b and 4u). The observed terminal anti-
Markovnikov borylation most likely occurs via consecutive
alkene insertion and β-hydride elimination steps, providing a
convenient method for alkene isomerization−hydroboration.24
Indeed, isotope-labeling experiments are consistent with
consecutive insertion/elimination steps (Figures S5−S8).
The marked differences in selectivity with cobalt and
manganese highlight the importance of the metal center in
either (i) enabling β-hydride elimination necessary for alkene
isomerization or (ii) their ability to generate a secondary
metal−alkyl species upon insertion of the internal alkene into
the M−H bond.
Before the origin of the difference in reactivity between 2a

and 3a is discussed in more detail, it is important to note that,
recently, it was reported that, under the experimental reaction
conditions, the combination NaOtBu/HBpin generates a good
hydroboration catalyst (BH3).

30 Notwithstanding, we believe
that in this study complexes 2a and 3a are the active
precatalysts based on the following observations: (i) for the
cobalt-catalyzed hydroboration of styrene, product selectivities

different from those for borane are observed (Table 2; 4k);30

(ii) for both cobalt and manganese, the hydroboration is
sensitive toward modification of the imine substituent on the
ligand (Figure 1), indicating a strong catalyst dependence
(Table S1); (iii) the addition of TMEDA does not lead to
complete inhibition of the observed catalysis (Figure S67).

Computational Mechanistic Investigations. In order to
gain insights into the origins of the experimentally observed
selectivity differences between complexes 2a and 3a, we
subsequently studied the mechanism of the hydroboration
reaction using density functional theory (DFT) methods.
Hereby, we took into consideration the possibility of different
spin states in the modeled complexes and the possibility for
reversible metal−ligand coordination of the imine substituents
(Tables S7−S12).31 Such structural flexibility has been
previously observed by Solan and co-workers in related
complexes with nickel and zinc.32

To guide the computational studies, we first defined a
plausible reaction mechanism that is based on literature
precedent (Figure 4). The catalytic cycle starts with the

formation of a metal hydride that is generated upon activation
of the precatalyst with NaOtBu and HBpin.29 The importance
of metal hydride intermediates in alkene hydroboration has
also been demonstrated by Chirik,20q Turculet,16c and
others.24 Coordination of the alkene and subsequent insertion
into the metal hydride generates a metal alkyl species. Finally,
borylation can occur either via a stepwise oxidative addition/
reductive elimination pathway or via a concerted σ-bond
metathesis pathway (Figure 4). The validity of the proposed
mechanism was investigated for both cobalt and manganese in
order to unravel the origin of the observed selectivity
differences for internal and terminal alkenes (vide infra). As
we will demonstrate, decoordination of one the ligand side
arms herein is crucial in order to provide a vacant coordination
site.

Cobalt-Catalyzed Olefin Hydroboration. Because com-
plex 3a was able to efficiently catalyze the hydroboration of
both terminal and internal alkenes, we will first discuss the
computed mechanistic aspects of the cobalt-catalyzed hydro-
boration (Tables S9, S10, and S12). Hereafter, we will contrast
the calculated mechanism with that calculated for manganese

Table 2. Substrate Scope of the Cobalt-Catalyzed (3a)
Hydroboration of Terminal Alkenesa

aReactions were performed with alkene (0.5. mmol), HBpin (0.6
mmol, 1.2 equiv), NaOtBu (0.045 mmol, 9 mol %), and catalyst 3a (2
mol %) in tetrahydrofuran (0.5 mL) at 60 °C for 24 h (Table 1).
Yields were determined by 1H NMR spectroscopy in the presence of
an internal standard. In all substrates, the hydroboration occurs with
almost exclusive anti-Markovnikov regioselectivity (≥98%).

Figure 4. Plausible mechanism for the manganese- and cobalt-
catalyzed hydroboration of alkenes.
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and explain the differences, leading to the observed selectivity
for terminal and internal alkenes (vide infra).
For cobalt, hydroboration is initiated by formation of the

corresponding hydride (Figure 4). The calculated geometries
of the five- and four-coordinate cobalt hydride species Co-IA
and Co-IB are shown in Figure 5A and feature a cobalt metal
center in square-pyramidal and distorted “butterfly” geo-
metries, respectively. For all cobalt complexes, the singlet,
triplet, and quintet spin states were considered (Tables 3 and
S9). Our calculations indicate that, for Co-IA, the singlet state
is 15.1 kcal mol−1 lower in energy than the triplet state, while
for Co-IB, the singlet and triplet states are nearly equal in
energy (Table 3).33 The calculated singlet state implies that
the electronic structure features either (i) a genuine CoI metal

center or (ii) a low-spin cobalt(II) metal center that is
antiferromagnetically coupled to a ligand-based radical.
Because the activation protocol and reaction conditions
provide an overall reducing environment, redox noninnocence
of the BDI ligand should not be ruled out.26a,34

Analysis of the calculated geometry of Co-IA reveals that the
Nimine−Cimine and Cimine−Cipso bond lengths of 1.361 and 1.430
Å are indicative of a ligand-based radical, which necessitates a
low-spin CoII d7 metal center in Co-IA. Our calculations also
indicate that, for hydroboration to proceed, ligand dissociation
is necessary (Figures 4 and 6). Ligand dissociation from Co-IA
to give Co-IB is energetically uphill by 25.1 kcal mol−1 and
does not have a marked effect on the calculated bond distances
(Table 3 and Figure 5). After formation of the cobalt hydride
Co-IB, olefin coordination is exergonic by 1.8 kcal mol−1 (Co-
IIB) on the singlet potential energy surface (PES; Figure 6 and
Table S9). Migratory insertion of the olefin into the Co−H
bond occurs with an overall barrier of 25.5 kcal mol−1 (TS1)
and provides the secondary cobalt alkyl species Co-IIIB. The
small activation energy (2.2 kcal mol−1) required to transition
from Co-IIB to Co-IIIB indicates that migratory insertion
readily occurs once a single imine-ligand dissociates. A similar
trend is observed for the triplet PES (Figure 6, blue trace).
However, the overall energy barrier of 35.1 kcal mol−1 is
significantly higher than that calculated for the singlet PES
(25.5 kcal mol−1). Hereafter, isomerization of the internal
cobalt alkyl species Co-IIIB to the terminal cobalt alkyl species
Co-IIID occurs via a sequence of β-hydride elimination and
migratory insertion steps (Figure 6) with activation energies
between 4 and 6 kcal mol−1. Overall, there is very little
thermodynamic preference for the internal versus terminal

Figure 5. Calculated equilibrium structures for the corresponding cobalt (A) and manganese (B) hydrides in the singlet (cobalt) and quintet
(manganese) states.

Table 3. Relative Energies for Different Spin States of the
Cobalt and Manganese Metal Hydrides upon Coordination
(IA) and Decoordination (IB) of One of the Imine Side
Arms

Energy (kcal mol−1)

Spin state Co-IA Mn-IA

Singlet 0.0 25.5
Triplet 15.1 −2.3
Quintet 0.0

Energy (kcal mol−1)

Spin state Co-IB Mn-IB

Singlet 25.1 50.6
Triplet 24.5 19.3
Quintet 12.9

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c03451
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03451/suppl_file/ic0c03451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03451/suppl_file/ic0c03451_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03451?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03451?ref=pdf


cobalt alkyl complexes given their similar energies (21.9 vs 23.9
kcal mol −1). The small difference of 2 kcal mol−1 is indicative
of a Curtin−Hammett-type scenario, where the selectivity for
internal versus terminal hydroboration is determined by the
differences in the energy barriers for borylation, provided that
the borylation step is rate-limiting for both the internal and
terminal alkenes. Similar findings were reported by Turculet et
al. for three-coordinate manganese, iron, and cobalt hydride
complexes.16c

Finally, for the migratory insertion pathway shown in Figure
6, it is insightful to mention that ligand recoordination in Co-
IIIB and Co-IIID is strongly exergonic and provides a stable
off-cycle intermediate. In a related study, we were able to
isolate such a five-coordinate cobalt alkyl (Co-Me) species that
exhibits a singlet ground state. The observed singlet state is
consistent with the preferred singlet PES calculated for the
migratory insertion step in the present study. Overall, these
results demonstrate that hydrometalation of internal alkenes is
feasible for cobalt and that a series of alkene isomerization
steps ultimately leads to the borylation of a terminal cobalt
alkyl species (vide infra). Because the direct migratory
insertion of 1-butene will follow the same mechanism, these
results also confirm the observed reactivity of 3a toward
terminal alkenes (Figure S76 and Table S10).
Having examined the mechanism of alkene migratory

insertion, we subsequently consider the following borylation
pathways: (i) a stepwise pathway involving oxidative addition
of the borane, followed by reductive elimination of the
borylated product, or (ii) a concerted σ-bond metathesis
pathway resulting in formation of the borylated product and
metal hydride (Table S12). Our calculations show that,
starting from Co-IIIB, borylation occurs via a stepwise
pathway involving oxidative addition of the borane (Table
4). Hereby, the triplet PES is clearly favored over the singlet
PES by 6.7 kcal mol−1 (Table 4).
However, when starting from the terminal cobalt alkyl

species Co-IIID, a different picture emerges. While on the

singlet PES the borylation occurs in a stepwise fashion, the
triplet PES offers a low-energy concerted σ-bond metathesis
pathway to the borylated product (Table 4). This suggests that
the observed borylation benefits from a spin-crossover event,
which is common for first-row transition-metal catalysts.3

Overall, all of the calculated transition structures pertaining to
the borylation steps are higher in energy than those calculated
for the alkene isomerization processes, indicating that the final
borylation step is indeed rate-limiting, in accordance with a
Curtin−Hammett-type scenario. While the calculated differ-
ence between the energies of the transition structures on the
triplet PES for internal (28.5 kcal mol−1) and terminal (27.9
kcal mol−1) borylation might be underestimated, the
calculations qualitatively agree with our experimental results.
Namely, both the experimental and computational results
demonstrate that, for cobalt, migratory insertion of internal
and terminal alkenes is feasible and that subsequent tandem
olefin isomerization/borylation leads to formation of the
experimentally observed terminal borylation product (Table
2).

Figure 6. Calculated Gibbs free PES (ΔG298, kcal mol−1) for the hydroboration of 2-butene with complex 3a with a singlet (red trace) or a triplet
(blue trace) spin state. For computational details, see the Supporting Information.

Table 4. Calculated Gibbs Free Energies (ΔG298, kcal
mol−1) for the Borylation of Internal and Terminal Cobalt
Alkyl Species Co-IIIB and Co-IIIBa

Internal borylation Terminal borylation

Energy
(kcal mol−1)

Energy
(kcal mol−1)

Complex Singlet Triplet Complex Singlet Tripletb

Co-IIIB 21.9 20.2 Co-IIID 23.9 21.0
TS4Ox 35.2 28.5 TS4Ox 33.7
Co-IVB 29.0 28.5 Co-IVD 29.2
TS5Red 31.8 28.5 TS5Red (or TSσ‑bond)

b 31.0 27.9
Co-VB 23.9 11.7 Co-VD 23.3 11.2

aFor computational details, see the Supporting Information.
bCalculations indicate a direct σ-bond metathesis pathway.
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Manganese-Catalyzed Olefin Hydroboration. Compu-
tational studies regarding the alkene hydroboration with
manganese were initiated by evaluating the different spin-
states for the manganese hydride complexes Mn-IA and Mn-
IB. As is evident from Table 5, both the triplet and quintet spin

states are close in energy (ΔΔG298 = 2.3 kcal mol−1); however,
upon ligand decoordination, the quintet state is clearly
preferred (Table 5).35 The quintet spin state implies a high-
spin MnII d5 metal center that is antiferromagnetically coupled
to a ligand-based radical. The difference with the analogous
cobalt complex is that, whereas Co-IB is low-spin, Mn-IB is
high-spin. Aside from the differences in the favored spin states,
there are no distinct structural differences between the cobalt
and manganese hydride complexes M-IA and M-IIB, which is
also reflected by their similar geometries and bond lengths.
In order to be able to explain the experimentally observed

selectivity of the manganese catalyst 2a for terminal alkenes,
we begin by considering the mechanism and energetics of the
migratory insertion of 2-butene (Tables 5 and S7). As is
evident from Table 5, the computational results show that, on
both the triplet and quintet PESs, the migratory insertion has a
high activation energy of 34.5 and 34.2 kcal mol−1, respectively
(Table 5; TS1). On the other hand, the migratory insertion of
1-butene into the Mn−H bond has an activation energy that is
lower by almost 3.0 kcal mol−1 (Figure 7 and Table S8).
Nonetheless, the energy barrier remains high and qualitatively
explains why for manganese the hydroboration of terminal
alkenes remains challenging. A survey across the reported
manganese-catalyzed hydroboration reactions reveals that most
of them require higher temperatures and longer reaction times,
especially when compared to cobalt.16c,36

Having explored the manganese-catalyzed alkene migratory
insertion, we turn to the subsequent borylation step. First, we
note that, because complex 2a did not show any reactivity
toward internal alkenes, the mechanistic aspects of their
borylation will not be discussed. Notwithstanding, a full PES
for the hydroboration of 2-butene is provided in Figure S75.
For the borylation of terminal manganese alkyl species Mn-

IIID, calculations show that the lowest-energy pathway lies on
the quintet PES (Tables 6 and S11). The borylation proceeds
via a concerted σ-bond metathesis pathway with an activation
energy of 20.5 kcal mol−1. In contrast, on the triplet PES,
borylation occurs via a stepwise oxidative addition−reductive
elimination pathway with an energy barrier of 30.8 kcal mol−1

(Table 6). Because the energy barrier for σ-bond metathesis is
much lower than that calculated for migratory insertion (31.5
kcal mol−1; Figure 7), migratory insertion is rate-limiting in the
manganese-catalyzed hydroboration.
Upon comparison of these computational results with those

obtained for cobalt, a few differences are noted. First, the rate-

limiting step for cobalt is the borylation via σ-bond metathesis,
while for manganese, it is the migratory insertion of the alkene
(Table 4 and Figure 7). The energy difference between the
transition structures of the rate-limiting steps for cobalt (27.9
kcal mol−1) and manganese (31.5 kcal mol−1) indicates that
the hydroboration of terminal alkenes should be more facile for
cobalt than for manganese. These computational results are in
qualitative agreement with the experimentally obtained results
(Table S2). Under identical reaction conditions (60 °C, 3 mol
% catalyst, and 1.2 equiv of HBpin), the cobalt catalyst 3a
converts 1-octene into the corresponding alkylboronate ester
in 99% yield, while for the manganese catalyst 2a, only 25%
yield was observed. These observations are in line with other
reported examples that demonstrate that, for manganese
catalysis, typically higher temperatures and longer reaction
times are required.16c,36

Second, the herein-presented computational studies also
point toward a difference in regioselectivity between
manganese and cobalt complexes 2a and 3a. In particular,
the computational results show that the manganese-catalyzed
migratory insertion of an internal alkene is unlikely (34.2 kcal
mol−1), while for cobalt, there is no clear difference between
the migratory insertion of an internal (25.5 kcal mol−1) or a
terminal (24.4 kcal mol−1) alkene. This explains why, in

Table 5. Calculated Gibbs Free Energy (ΔG298, kcal mol−1)
for the Migratory Insertion of 2-Butenea

Energy (kcal mol−1)

Complex Triplet Quintet

Mn-IA −2.3 0.0
Mn-IB 19.3 12.9
Mn-IIB 19.3 18.3
TSI 34.5 34.2
Mn-IIIB 25.2 7.3

aFor computational details, see the Supporting Information.

Figure 7. Calculated Gibbs free PES (ΔG298, kcal mol−1) for the
hydroboration of 1-butene with complex 2a with a triplet (red trace)
or quintet (blue trace) spin state. For computational details, see the
Supporting Information.

Table 6. Calculated Gibbs Free Energies (ΔG298, kcal
mol−1) for the Borylation of Terminal Manganese Alkyl
Species Mn-IIIDa,b

Energy (kcal mol−1)

Complex Triplet Quintetb

Mn-IIID 22.5 4.4
TS4Ox 30.8
Mn-IVD 12.8
TS5Red (or TSσ‑bond) 31.2 20.5
Mn-V 12.8 3.2

aFor computational details, see the Supporting Information.
bCalculations indicate a direct σ-bond metathesis pathway.
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experiments, the cobalt complex 3a is able to catalyze the
hydroboration of both internal and terminal alkenes, while the
manganese catalyst 2a is selective for only terminal alkenes.

■ SUMMARY AND CONCLUSIONS
In summary, we have demonstrated that complexes of the
types 2a and 3a are effective precatalysts for the hydroboration
of terminal alkenes. The hydroboration reaction occurs under
mild conditions (60 °C, N2) and proceeds with exclusive anti-
Markovnikov selectivity. When using internal alkenes, however,
marked differences in the reactivities of the manganese and
cobalt catalysts were observed. Whereas for manganese no
reactivity was observed for internal alkenes, the cobalt complex
3a was able to perform a tandem alkene isomerization/
hydroboration reaction. To understand these differences in the
reactivities, the reaction mechanism of the hydroboration
reaction was investigated computationally, taking into
consideration the different spin states and structural flexibilities
of complexes 2a and 3a. We demonstrate that the observed
metal-based divergence is due to differences in the energy
barriers toward the initial migratory insertion of the internal
alkene, which is much higher for manganese (34.2 kcal mol−1)
than for cobalt (25.5 kcal mol−1).
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