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ABSTRACT: The use of low-cost manganese(II) bro-
mide (MnBr2) and tetramethylethylenediamine
(TMEDA) catalyzes the cross coupling of (bis)pinacolato-
diboron with a wide range of alkyl halides, demonstrating
the first manganese-catalyzed coupling with alkyl electro-
philes. This method allows access to primary, secondary,
and tertiary boronic esters from the parent chlorides,
which were previously inaccessible as coupling partners.
The reaction proceeds in high yield with as little as 1000
ppm catalyst loading, while 5 mol % can provide high
yields in as little as 30 min. Finally, radical-clock
experiments revealed that at 0 °C direct borylation
outcompetes alternative radical processes, thereby provid-
ing synthetically useful, temperature-controlled reaction
outcomes.

Manganese salts represent a particularly attractive option
for transition metal catalysis since manganese is one of

the most abundant, nontoxic transition metals in the earth’s
crust.1 Although manganese has received attention recently for
facile C−H activation2 and its use in the production of
antihypertensive drug irbesartan,3 manganese-catalyzed cross-
coupling reactions remain woefully underdeveloped relative to
later base metal catalysts such as iron, cobalt, nickel, and
copper.1a Manganese bromide can function as the precatalyst
for the coupling of aryl or styrenyl iodides with aryl or
alkynylstannanes.4 For the coupling of aryl halides with
Grignard reagents, the aryl halides must be deactivated with
electron-withdrawing groups in the ortho or para positions.5

Aryl Grignard reagents also react with 2-chloroaryl ketones in
the presence of manganese chloride to afford the corresponding
ortho-substituted arylketones in good yields without Grignard
addition to the ketone.6 Vinyl halides couple stereospecifically
with aryl Grignard reagents to afford the cross-coupled
products in good yield.7 Likewise, chloroenynes and chlor-
odienes couple stereoselectively with alkylmagnesium reagents
with a Mn/DMPU-based system.8 Manganese can also catalyze
carbon−heteroatom bond formation as in the coupling of aryl
iodides and thiols.9 In all of these examples, however, the
electrophile is an sp2-hybridized carbon. To date, manganese-
catalyzed coupling of simple alkyl halides has gone undiscovered.
Here, we show manganese(II) salts can function as highly
active, mild precatalysts for the borylation of alkyl halides,
including chlorides.
With the ubiquity of the Suzuki−Miyaura reaction, aryl

boronic acids and esters constitute the foundation of critical
building blocks for organic synthesis. With the development of
alkyl Suzuki variants,10 alkyl boronic acids and esters represent

an emerging class of important reagents. As such, new methods
for the synthesis of alkyl boronic esters have proven a popular
venue for exploring novel transition metal-catalyzed cross-
coupling technology (Scheme 1). In the past few years, a

number of examples have emerged employing Pd,11 Ni,11b,12

Cu,13 Zn,14 and Fe.15 The large number of examples in such a
short span highlights the critical need and difficulty of creating a
general catalytic system. For example, Pd systems function only
with primary bromides.11a Copper systems function well with
primary and secondary bromides, but only two secondary
chloride substrates have been reported13a that do not require in
situ Finklestein with tetrabutylammonium iodide (TBAI).13b

The Zn-catalyzed borylation allows coupling with primary and
secondary iodides and bromides, but only one tertiary
substrate, 1-bromoadamantane, was reported.14 To date, the
Ni- and Fe-catalyzed borylation of alkyl bromides and iodides
offer the most general strategies for the creation of alkyl
boronic esters, allowing access to a range of primary, secondary,
and tertiary boronic esters (Scheme 1). However, the direct
borylation of unactivated alkyl chlorides remains an unsolved
problem. Here, we report a manganese system capable of
borylating a wide range of alkyl halides, including unactivated
primary, secondary, and tertiary chlorides.
Cognizant of the low reactivity of both Ni and Fe systems

toward the borylation of alkyl chlorides, we set out to find a
system that worked generally across all alkyl halides. Based on
the fact that only starting alkyl chloride remains when using the
reported Ni12 or Fe15a systems, the C−Cl bond cleavage step
(or oxidative addition) appeared problematic. We hypothesized
that by moving to a “harder” metal, perhaps the enhanced M−
Cl bond strength would lead to productive C−Cl bond scission.
To test this hypothesis, we moved from Fe to Mn. Strikingly,
by replacing 10 mol % Fe(acac)3 with 5 mol % MnBr2·4H2O
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Scheme 1. Current State of Miyaura-Type Borylation of
Alkyl Halides
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under our previously disclosed conditions,15a the reaction
furnished the borylated product in 96% yield. The near-
quantitative yield of the Mn-catalyzed example prompted the
exploration of the Mn-source, solvent, ligand, and EtMgBr/
B2pin2 equivalents [see Supporting Information (SI)]. The
reaction proceeds with only a slight excess (1.3 equiv) of
EtMgBr/B2pin2 and 1 mol % MnBr2/TMEDA (entry 1, Table
1). While all Mn salts examined proved competent in the

reaction (with MnBr2 performing the best), ligands other than
TMEDA resulted in substantially reduced yields (entries 8−9,
Table 1). Interestingly, employing tetrahydrofuran (THF) as
the solvent resulted in a limited catalyst lifetime when
compared to dimethoxyethane (entry 5, Table 1 and SI).
Next, the substrate scope of the reaction was examined

(Table 2). Since previous methods function well with alkyl
iodides and bromides, our primary interest was the reaction of
alkyl chlorides, examples of which remain rare and structurally
limited.13a,15a Strikingly, the borylation of alkyl chlorides
proceeds in short reaction times at room temperature for
primary (1a, 1i, 1k, 1u−1v; Table 2), secondary (1c, 1n, 1o,
1q; Table 2), and tertiary chlorides (1f, 1h, 1m; Table 2). Base-
sensitive chloride 1u produces borylated product 2u in 81%
yield with no elimination detected. Our prior disclosure on
iron-catalyzed borylation offered the lone example of the
reaction with a tertiary chloride,15a but the reaction proceeded
in a meager 6% yield. Both neomenthyl chloride 1n and
menthyl chloride 1o furnish the more stable equatorial
borylation product 2n in 78% yield with an 81:19 dr and
59% yield with an 88:12 dr, respectively, while exo-2-
chloronorbornane 1p and exo-2-bromonorbornane 1q favor
the exo product 2p in near-identical ratios in 83% and 79%
yields, respectively. Diboration of geminal (1w−1y) dihalides
proceeds smoothly to furnish the bisborylated products (2w
and 2y).16 Satisfyingly, the synthetically useful bis[(pinacolato)-
boryl]methane 2y was constructed in good yield using cheap
and readily available reagent-grade dichloromethane.
Increasing the scale of the reaction 10-fold to 5.0 mmol scale

furnished 2c in 81% yield, which is comparable to our 0.5 mmol
reactions (Table 2). With solubility concerns regarding MnBr2
in DME, we sought a highly soluble Mn/TMEDA complex we

could easily employ in our catalyst loading studies. Employing
Mn(hfacac)2(tmeda)

17 as the precatalyst, the reaction proceeds
in 80% yield with 1000 ppm catalyst loading, albeit with a 24-h
reaction time (entry 1, Table 3). Conversely, one can obtain
78% of desired borylated product 2c (at 80% conversion)
starting from the parent chloride after only 30 min at room
temperature with 5 mol % catalyst loading (entry 3, Table 3).
Consequently, this transformation represents an obvious

Table 1. Reaction Optimization

entry deviation from standard conditions yielda

1 none 88%b

2 24 h 89%
3 5% MnBr2/TMEDA 86%
4 5% MnBr2/TMEDA, 1.7 equiv of EtMgBr 71%
5 THF, 24 h 60%
6 1.2/1.2 equiv of EtMgBr/B2pin2 78%
7 PhMgBr instead of EtMgBr 0%
8 no TMEDA 2%
9 5% MnBr2/dppe 0%
10 no MnBr2 0%
11 MnBr2·4H2O used 69%b

aYield determined by GC. bIsolated yield.

Table 2. Substrate Scope of the Borylation Reactiona

aIsolated yield. b5% Mn/TMEDA loading, 2.5 equiv each of B2pin2/
EtMgBr. c0.5 M concentration. d2.3 equiv each of B2pin2/EtMgBr.

Table 3. Effect of Catalyst Loading

entry Mn/TMEDA % time yielda

1b 0.1% 24 h 80%
2 1% 4 h 88%
3 5% 0.5 h 78%

aYield determined by GC using dodecane as an internal standard.
bMn(hfacac)2(tmeda) complex used.
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starting point for both process and medicinal chemists seeking
alkyl boronic esters.
At this point in the investigation, little is known about the

mechanism of the reaction. For example, when an enantioen-
riched secondary chloride (>99% ee) was subjected to the
standard reaction conditions, only racemic product is obtained,
thereby suggesting a stepwise, radical oxidative addition (see
SI). The intermediacy of alkyl radicals was further tested in a
series of radical-trap experiments. When 6-bromo-1-hexene
(1s) was subjected to the reaction conditions, we isolated 66%
of a 3:1 mixture of direct borylation product 2s to ring-closed
product 2t (Scheme 2). The preference for 2s offers a new

entry to such systems since all previous methods form ring-
closed product 2t.11b,13b,14,15 Amazingly, reducing the temper-
ature to 0 °C produced direct borylation product 2s as the sole
product in 79% yield, providing the first example of 2s being
formed via transition metal-catalyzed borylation. Likewise,
increasing the reaction temperature to 65 °C reversed the
selectivity to produce the cyclized product 2t in 37% yield with
2% direct borylation (Scheme 2). The fact that 5-exo ring
closure is slower than radical recombination with the metal
implies a close association of the metal with the resulting radical
formed during oxidative addition. Specifically, radical recombi-
nation with Mn occurs at a rate >1.0 × 105/s at 0 °C.18 Since
small temperature differences have little effect on the rate of 5-
exo-dig radical cyclization,19 the predominance of product at 65
°C is likely due to solvation of the radicals during the oxidative
addition. Such an event might also explain the compromised
yield at this temperature. This example offers the first report on
the use of temperature to effect a switch in selectivity in radical-
based transition metal chemistry.
The unusual selectivity of 6-bromo-1-hexene (1s) prompted

the examination of another radical probe, (bromomethyl)-
cyclopropane (3). At room temperature, 3 produced a 10:1
mixture of opened product 5 and unopened cyclopropyl
product 4 in 91% yield (Scheme 3). Conducting the reaction at
0 °C more than doubled the amount of cyclopropylmethyl
boronate 4, providing a 1:2.5 ratio of 4 to 5 (Scheme 3). This

experiment provides access to cyclopropylmethyl boronate 4
from (bromomethyl)cyclopropane for the first time. Moreover,
this substrate allows us to refine the rate of radical
recombination with the metal to approximately 1 × 108/s.18

Based on the rapid oxidative addition observed in the radical-
trap experiments (Schemes 2-3), we performed a series of
competition experiments. Similar to the Ni-catalyzed boryla-
tion, we find that increasing the substitution at the halide
increases the rate of reaction.12 The competition among
primary, secondary, and tertiary chlorides reveals rates where 1°
< 2° < 3° (krel = 1:2.5:4.5), thereby supporting the intermediacy
of alkyl radicals if radical formation is involved in the turnover-
limiting step (Scheme 4a).20 The equivalent competition

experiments between primary and secondary bromides,
however, reveal no clear preference between the two,
suggesting a shift in the turnover-limiting step for alkyl
bromides (Scheme 4b). The competition between a primary
bromide and a primary chloride using 1-bromo-6-chlorohexane
(6), however, produced borylation predominantly at the
primary bromide to form monoborylated product 7 with
some additional coupling at the primary chloride to form 9
(Scheme 4c).
We also observed interesting rate effects with the borylation

of geminal dihalides 1w−1y. Even under standard conditions
where there is an excess of reactive halide relative to EtMgBr
and B2pin2, we only ever detected trace amounts of the
monoborylated products, suggesting that a geminal Bpin
enhances the rate of borylation for the chloride. The
competition between the geminal chloro-boryl substrate 10
and either a primary bromide (1b) or tertiary chloride (1f)
shows that the rate is much more similar to that of alkyl
bromides (Scheme 5). The increased rate could be due to an

Scheme 2. Controlling Linear vs Cyclized Product with
Temperaturea

aConditions: 5% MnBr2, 5% TMEDA, 1.3 equiv of EtMgBr/B2pin2,
DME, 4 h.

Scheme 3. Radical Clock Demonstrates Rapid, Radical
Oxidative Additiona

aConditions: 5% MnBr2, 5% TMEDA, 1.3 equiv of EtMgBr/B2pin2,
DME, 4 h.

Scheme 4. Competition Experimentsa,b,c

aYield determined by GC using dodecane as an internal standard.
bReaction time = 45 min. cWith 2.6 equiv of B2pin2/EtMgBr yields are
40% (7), 0% (8), 43% (9) after 4 h reaction time. Ar = 4-
methoxyphenyl.
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increase in the stability of the intermediate radical. It has been
shown that a neighboring boron atom can offer significant
radical stability on the order of 14.5 kcal/mol.21

In summary, we created a mild, low-cost reaction system for
the general borylation of alkyl halides. The reaction generally
proceeds in high yields with exceptional substrate scope.
Consequently, the reaction should be the first choice for those
seeking to borylate alkyl halides. The target reaction also offers
the first synthetically useful control over direct borylation vs
radical ring-closing or ring-opening reactions using temper-
ature. Further efforts will be directed toward understanding the
reaction mechanism of this interesting transformation.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b03157.

Experimental details and spectroscopic data (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*sicook@indiana.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge funds from Indiana University in partial
support of this work. We also gratefully acknowledge the
American Chemical Society Petroleum Research Fund
(PRF52233-DNI1) and the NSF CAREER Award (CHE-
1254783). Eli Lilly & Co. and Amgen supported this work
through the Lilly Grantee Award and the Amgen Young
Investigator Award.

■ REFERENCES
(1) For selected reviews on manganese catalysis, see: (a) Cahiez, G.;
Duplais, C.; Buendia, J. Chem. Rev. 2009, 109, 1434. (b) McGarrigle,
E. M.; Gilheany, D. G. Chem. Rev. 2005, 105, 1563. (c) Wu, A. J.;
Penner-Hahn, J. E.; Pecoraro, V. L. Chem. Rev. 2004, 104, 903.
(2) (a) Zhou, B.; Chen, H.; Wang, C. J. Am. Chem. Soc. 2013, 135,
1264. (b) He, R.; Huang, Z. T.; Zheng, Q. Y.; Wang, C. Angew. Chem.,
Int. Ed. 2014, 53, 4950.
(3) Casas, A.; Merlos, M.; Castaner, J. Drugs Future 1997, 22, 481.
(4) Kang, S. K.; Kim, J. S.; Choi, S. C. J. Org. Chem. 1997, 62, 4208.
(5) Cahiez, G.; Lepifre, F.; Ramiandrasoa, P. Synthesis 1999, 1999,
2138.
(6) Cahiez, G.; Luart, D.; Lecomte, F. Org. Lett. 2004, 6, 4395.
(7) Cahiez, G.; Gager, O.; Lecomte, F. Org. Lett. 2008, 10, 5255.
(8) Alami, M.; Ramiandrasoa, P.; Cahiez, G. Synlett 2000, 9, 325.

(9) Liu, T. J.; Yi, C. L.; Chan, C. C.; Lee, C. F. Chem. - Asian J. 2013,
8, 1029.
(10) (a) Li, L.; Zhao, S.; Joshi-Pangu, A.; Diane, M.; Biscoe, M. R. J.
Am. Chem. Soc. 2014, 136, 14027. (b) Dreher, S. D.; Dormer, P. G.;
Sandrock, D. L.; Molander, G. A. J. Am. Chem. Soc. 2008, 130, 9257.
(c) van den Hoogenband, A.; Lange, J. H. M.; Terpstra, J. W.; Koch,
M.; Visser, G. M.; Visser, M.; Korstanje, T. J.; Jastrzebski, J. T. B. H.
Tetrahedron Lett. 2008, 49, 4122.
(11) (a) Joshi-Pangu, A.; Ma, X.; Diane, M.; Iqbal, S.; Kribs, R. J.;
Huang, R.; Wang, C. Y.; Biscoe, M. R. J. Org. Chem. 2012, 77, 6629.
(b) Yi, J.; Liu, J.-H.; Liang, J.; Dai, J.-J.; Yang, C.-T.; Fu, Y.; Liu, L. Adv.
Synth. Catal. 2012, 354, 1685. (c) Bej, A.; Srimani, D.; Sarkar, A. Green
Chem. 2012, 14, 661.
(12) Dudnik, A. S.; Fu, G. C. J. Am. Chem. Soc. 2012, 134, 10693.
(13) (a) Ito, H.; Kubota, K. Org. Lett. 2012, 14, 890. (b) Yang, C. T.;
Zhang, Z. Q.; Tajuddin, H.; Wu, C. C.; Liang, J.; Liu, J. H.; Fu, Y.;
Czyzewska, M.; Steel, P. G.; Marder, T. B.; Liu, L. Angew. Chem., Int.
Ed. 2012, 51, 528.
(14) Bose, S. K.; Fucke, K.; Liu, L.; Steel, P. G.; Marder, T. B. Angew.
Chem., Int. Ed. 2014, 53, 1799.
(15) (a) Atack, T. C.; Lecker, R. M.; Cook, S. P. J. Am. Chem. Soc.
2014, 136, 9521. (b) Bedford, R. B.; Brenner, P. B.; Carter, E.;
Gallagher, T.; Murphy, D. M.; Pye, D. R. Organometallics 2014, 33,
5940.
(16) (a) Hong, K.; Liu, X.; Morken, J. P. J. Am. Chem. Soc. 2014, 136,
10581. (b) Zhang, Z. Q.; Yang, C. T.; Liang, L. J.; Xiao, B.; Lu, X.; Liu,
J. H.; Sun, Y. Y.; Marder, T. B.; Fu, Y. Org. Lett. 2014, 16, 6342.
(17) Lipani, Z.; Catalano, M. R.; Rossi, P.; Paoli, P.; Malandrino, G.
Chem. Vap. Deposition 2013, 19, 22.
(18) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317.
(19) Lal, D.; Griller, D.; Husband, S.; Ingold, K. U. J. Am. Chem. Soc.
1974, 96, 6355.
(20) (a) Kochi, J. K. Acc. Chem. Res. 1974, 7, 351. (b) Lu, Z.; Fu, G.
C. Angew. Chem., Int. Ed. 2010, 49, 6676.
(21) Grotewold, J.; Lissi, E. A.; Scaiano, J. C. J. Organomet. Chem.
1969, 19, 431.

Scheme 5. α-Boryl Substitution Enhances Reaction Ratea

aYield determined by GC using dodecane as an internal standard. Ar =
4-methoxyphenyl.
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