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Rhenium-Catalysed Dehydrogenative Borylation 

of Primary and Secondary C(sp
3
)-H Bonds 

Adjacent to a Nitrogen Atom 

Masahito Murai,*,† Tetsuya Omura,† Yoichiro Kuninobu,§
 and Kazuhiko 

Takai*,†,‡ 

Rhenium-catalysed C(sp3)−H bond borylation in the absence of 

any oxidant, hydrogen acceptor, or external ligand, with the 

generation of H2 as the sole byproduct is described.  The 

transformation, which represents a rare example of rhenium-

catalysed C(sp3)−H bond functionalisation, features high atom 

efficiency and simple reaction  conditions. 

Catalytic dehydrogenative functionalisation has emerged as a 
powerful and elegant tool for the construction of complicated 
molecules without preactivation of starting compounds.1  Because 
the only byproduct is hydrogen, this method represents an ideal 
synthetic procedure in terms of atom economy.  A wide variety of 
catalytic functionalisations of C(sp2)−H bonds have already been 
developed, and there have had a significant impact in the field of 
organic chemistry.  Much attention is currently focused on direct 
functionalisation of relatively unreactive C(sp3)−H bonds through 
dehydrogenation.  Although catalytic dehydrogenative carbon-
carbon and carbon-heteroatom bond formation have been much 
examined using copper, iron, and palladium complexes, these 
methods usually require an excess amount of oxidant as a hydrogen 
acceptor in order to overcome the unfavourable thermodynamic 
conditions.  We report herein rhenium-catalysed dehydrogenative 
borylation of primary and secondary C(sp3)−H bonds with the aid of 
a nitrogen directing group under oxidant- and hydrogen-acceptor-

free conditions (Figure 1).2 

Transition metal-catalysed C(sp3)–H borylation is an important 
transformation, because it provides straightforward access for the 

 
 

Figure 1. Transition metal-catalysed borylation of C(sp3)−H bonds 
 

introduction of various functional groups to simple alkyl chains.3-5  
Since the seminal work reported by Hartwig and co-workers, a 
variety of catalytic borylation reactions of C(sp3)–H bonds, using 
bis(pinacolato)diboron (B2pin2) as a boron source, have been 
developed.2,4  While these methods are very useful, their major 
drawback is low atom efficiency due to the generation of 
pinacolborane (HBpin), whose reactivity is reported to be low, as a 
byproduct (Figure 1(a)).4a,6  Indeed, catalytic dehydrogenative 
borylation reactions of C(sp3)–H bonds with HBpin have been 
mostly limited to the primary methyl groups of aliphatic 
hydrocarbons and benzylic methyl groups, and reactions of 
secondary C(sp3)−H bonds have been found not to proceed 
efficiently.4b-d,i,m  Moreover, most of them require a large excess of 
substrate as a solvent.  One exception is found in Sawamura’s recent 
work on the borylation of secondary C(sp3)−H bonds using an 
immobilized-rhodium catalyst, in which it is suggested that HBpin, 
potentially generated from B2pin2, also acts as a boron source.4i,m    
Although non-catalytic-dehydrogenative borylations of primary 
C(sp3)–H bonds with borane (B2H6) have been reported in the 
literature, they have not been widely applied to organic synthesis due 
to the requirement for a large amount of substrate with highly 
reactive promoters under relatively harsh reaction conditions.7 
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In our study aimed at the development of a new and efficient 
reaction system utilizing rhenium-catalysed C(sp3)−H bond 
activation,2 the reaction of 2-(N,N-dimethylamino)pyridine 1a with 
9-BBN in the presence of [ReBr(CO)3(thf)]2 as a catalyst in toluene 
at 125 oC was found to give the borylated compound 2a in 95% yield 
(eq 1).  The efficiency of the reaction was significantly affected by 
the choice of solvent, with toluene found to be optimal.8  Although 
several rhenium complexes, including ReBr(CO)5, ReCl(CO)5, 
Re2(CO)10, and [HRe(CO)4]n, exhibited catalytic activity, none of 
them is superior to [ReBr(CO)3(thf)]2.

9
  Other metal complexes, such 

as Mn2(CO)10, MnBr(CO)5, Ru3(CO)12, RhCl(PPh3)3, Ni(cod)2, and 
AuCl(PPh3), were totally ineffective, with 1a recovered intact.10  
Surprisingly, Pd(OAc)2 and Pd2(dba)3, which were two of the most 
effective catalysts for our previous dehydrogenative borylation of 
C(sp2)−H bonds with 9-BBN, did not give 2a at all, even when 
heated up to 200 oC.11  This might be due to the formation of 
palladium black in the presence of 9-BBN at high temperatures.4c  In 
sharp contrast to the previous C(sp3)–H borylation with (Bpin)2 or 
HBpin, an iridium-based catalyst system derived from a combination 
of [Ir(OMe)(cod)]2 and bipyridine or phenanthroline ligands was 
found to be totally ineffective.4  The reaction proceeded efficiently 
even in the absence of any hydrogen acceptor or oxidant such as 
norbornene or 3,3-dimethyl-1-butene.12  The reaction took place 
efficiently even on a gram scale (1.09 g of 1a with 1.54 g of 9-BBN) 
in a 200 mL round-bottom flask under the reaction conditions 
described.13 

 

Table 1 shows the scope of substrates for dehydrogenative 
borylation of primary C(sp3)−H bonds adjacent to a nitrogen atom 
under the standard reaction conditions.14  As expected, higher 
reactivity of primary over secondary C(sp3)−H bonds was observed 
for the reaction of 2-(N-hexyl-N-methylamino)pyridine 1b to afford 
2b in 89% yield (entry 1).  2-(N,N-Dimethylamino)-4-picoline 1c 
reacted with 9-BBN at 150 oC to yield the corresponding borylated 
compound 2c in 63% yield, along with recovery of 1c in 27% yield 
(entry 2).  In contrast, the reaction of 1d, possessing a fluoride group 
on the pyridine ring, proceeded smoothly to furnish 2d in good yield 
(entry 3).  The structure of 2d was unambiguously determined by 
single-crystal X-ray structure analysis (Figure S1 in ESI).15  The 
electronic nature of directing groups had a significant effect on the 
efficiency of the reaction.  When substrate 1e, containing a 
pyrimidyl group in place of a pyridyl group, was used, the yield of 
the borylated compound 2e decreased (entry 4).  This result may 
indicate that electron deficiency in the pyrimidyl directing group 
means that it cannot facilitate the approach of 9-BBN, thus 
destabilizing the borylated product.  Borylation with 1-(N,N-
dimethylamino)isoquinoline 1f took place to afford the 
corresponding product 2f in moderate yield (entry 5).  The current 
reaction system could also work for 2-isopropylpyridine to afford the 
corresponding borylated compound albeit in low (< 5%) yield.  
Dehydrogenative borylation through the activation of C(sp3)−H 

bonds in the substrates shown in Figure S2 in ESI, including 2-
methoxypyridine and 8-methylquinoline, did not take place.  
However, dehydrogenative borylation of secondary C(sp

3)−H bonds 
proceeded under the current reaction conditions.4b-d,i  The reaction of 
2-(1-pyrrolidinyl)pyridine 1g with 9-BBN gave the borylated 
compound 2g in 74% yield (entry 6).  In contrast, the corresponding 
borylated piperidine 2h was not formed, probably due to the slightly 
lower acidity of the C(sp3)−H bond derived from lower s-character 
in the larger ring (entry 7).4m,h  This hypothesis was supported by the 
observation that borylation of the benzylic proton adjacent to 
nitrogen in the six-membered ring took place to afford 2i in 72% 
yield (entry 8). 

 
Table 1. Re-catalysed dehydrogenative borylation of the C(sp3)−H 
bond of 1 
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In a previous study, we reported dehydrogenative borylation of 
C(sp2)−H bonds to form N−B coordinated azaboroles, containing 
a five-membered ring.11  When a reaction of 2,3-dihydro-1H-
indole 3 with 9-BBN was carried out, borylation occurred 
selectively at the sp2 carbon to form the N−B coordinated 
compound 4, containing a six-membered ring, in 96% yield (eq 
2).16  This result clearly reveals the order of reactivity for 
borylation as C(sp2)−H > C(sp3)−H, even for the formation of 
six-membered rings.  Moreover, selective borylation of primary 
over secondary C(sp3)−H bonds occurred for 2-(N-benzyl-N-
methyl)pyridine 5 to afford 6 in 68% yield (eq 3).  Note that the 
benzyl group, which is a common protecting group for amines, 
was tolerated under these reduction conditions.  

 

 

 
For a preliminary mechanistic study, deuterium-labelling 

experiments were carried out on the reaction of 1a-d6 and 9-
BBN for 3 h under the standard reaction conditions (Scheme 1).  
In the presence of 9-BBN, a decrease in D content was 
observed in both the recovered 1a and the borylated compound 
2a.  This result suggests that the cleavage of C−H bonds 
occurred competitively and reversibly before C−B bond 
formation with 9-BBN.  Since no hydrogen-deuterium 
exchange occurred in the absence of 9-BBN, it was concluded 
that the presence of 9-BBN was required for cleavage of the 
C(sp3)−H bonds to take place, and the formation of a 
rhenacycle intermediate via concerted metallation-
deprotonation of the C(sp3)−H bond with Re(I) can be ruled 
out.17,18  Although the correct values for the kinetic isotope 
effect could not be calculated due to the competitive hydrogen-
deuterium scrambling, these results indicate that (1) C−H bond 
cleavage in 1a took place reversibly, and (2) the formation of 
C−B bonds by reductive elimination of Re(I) proceeded slowly 
compared with C−H bond cleavage in 1a. 
 
Scheme 1.  Deuterium labelling experiment 

 

 

Based on these results, the reaction mechanism is tentatively 
proposed as shown in Scheme 2.  Lewis acid-base interaction to 
form A may be the key step because the use of other boron 
reagents with weak Lewis acidity or steric repulsion, including 
pinacolborane (HBpin), bis(pinacolato)diboron (B2pin2), 
thexylborane, and catecholborane, resulted in no reaction.19,20  
Oxidative addition of ReI to the B−H bond followed by the 
C(sp3)−H bond cleavage via σ-complex-assisted metathesis (σ-
CAM) afforded intermediate C,21 and the subsequent reductive 
elimination furnished 2a along with regeneration of the ReI 
complex.  Although the reaction sequence of oxidative addition 
of the C(sp3)−H bond to ReIII in intermediate B followed by its 
reductive elimination cannot be ruled out, the energy barrier of 
this redox process is thought to be higher than that through the 
σ-CAM pathway.22,23 

 
Scheme 2.  Proposed reaction mechanism 
 

 

 
In conclusion, rhenium-catalysed dehydrogenative borylation 

of primary as well as secondary C(sp3)−H bonds directed by a 
pyridyl group has been developed.  It is noted that the present 
work constitutes a rare example of rhenium-catalysed 
transformation of C(sp3)−H bonds and an example of 
dehydrogenative borylation of secondary C−H bonds.2, 4b-d,i,m  A 
deuterium-labeling study revealed the reversible nature of C−H 
activation under the present catalytic cycle.  Further investigation 
to develop the asymmetric version of the reaction is currently in 
progress. 
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(Okayama University) for HRMS measurements. 
 
Notes and references 
1 For selected reviews, see: (a) C. S. Yeung, V. M. Dong, Chem. Rev., 2011, 

111, 1215. (b) C. Liu, H. Zhang, W. Shi, A. Lei, Chem. Rev., 2011, 111, 
1780. (c) S. H. Cho, J. Y. Kim, J. Kwak, S. Chang, Chem. Soc. Rev., 2011, 
40, 5068. (d) J. Yamaguchi, A. D. Yamaguchi, K. Itami, Angew. Chem. Int. 

Ed., 2012, 51, 8960. (e) S. A. Girard, T. Knauber, C.-J. Li, Angew. Chem. 

Int. Ed. 2014, 53, 74.  
2 For the precedent of rhenium-catalysed activation of C(sp3)−H bonds, see: 

(a) H. Chen, J. F. Hartwig, Angew. Chem., Int. Ed., 1999, 38, 3391. See 
also the following reviews on rhenium-catalysed reactions; (b) H. Kusama, 
K. Narasaka, J. Synth. Org. Chem. Jpn., 1996, 54, 644. (c) R. Hua, J.-L. 
Jiang, Curr. Org. Synth., 2007, 4, 151. (d) Y. Kuninobu, K. Takai, Chem 

Rev., 2011, 111, 1938. (e) Y. Kuninobu, K. Takai, Bull. Chem. Soc. Jpn., 
2012, 85, 656. 

3 (a) I. A. I. Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy, J. F. 
Hartwig, Chem. Rev., 2010, 110, 890. (b) T. Ishiyama, N. Miyaura, In 
Boronic Acids, 2nd ed.; Hall, D., Ed.; Wiley-VCH: 2011; Vol. 1, p 135. (c) 
A. Ros, R. Fernández, J. M. Lassaletta, Chem. Soc. Rev. 2014, 43, 3229. 

4 For the borylation of primary C(sp3)–H bonds, see: (a) H. Chen, S. Schlecht, 
T. C. Semple, J. F. Hartwig, Science, 2000, 287, 1995. (b) S. Shimada, A. 

Page 3 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

S. Batsanov, J. A. K. Howard and T. B. Marder, Angew. Chem. Int. Ed., 
2001, 40, 2168. (c) T. Ishiyama, K. Ishida, J. Takagi, N. Miyaura, Chem. 

Lett., 2001, 1082. (d) J. D. Lawrence, M. Takahashi, C. Bae, J. F. Hartwig, 
J. Am. Chem. Soc., 2004, 126, 15334. (e) J. M. Murphy, J. D. Lawrence, K. 
Kawamura, C. Incarvito, J. F. Hartwig, J. Am. Chem. Soc., 2006, 128, 
13684. (f) T. Ohmura, T. Torigoe, M. Suginome, J. Am. Chem. Soc., 2012, 
134, 17416. (g) T. Mita, Y. Ikeda, K. Michigamia, Y. Sato, Y. Chem. 

Commun., 2013, 49, 560. For the borylation of secondary C(sp3)–H bonds, 
see: (h) C. W. Liskey, J. F. Hartwig, J. Am. Chem. Soc., 2012, 134, 12422. 
(i) S. Kawamorita, T. Miyazaki, T. Iwai, H. Ohmiya, M. Sawamura, J. Am. 

Chem. Soc., 2012, 134, 12924. (j) S. Kawamorita, R. Murakami, T. Iwai, 
M. Sawamura, J. Am. Chem. Soc., 2013, 135, 2947. (k) C. W. Liskey, J. F. 
Hartwig, J. Am. Chem. Soc., 2013, 135, 3375. (l) S. H. Cho, J. F. Hartwig,  
J. Am. Chem. Soc., 2013, 135, 8157. (m) R. Murakami, K. Tsunoda, T. 
Iwai, M. Sawamura, Chem. Eur. J., 2014, 20, 13127. (n) Q. Li, C. W. 
Liskey, J. F. Hartwig, J. Am. Chem. Soc. 2014, 136, 8755. 

5 For iridium-catalysed C(sp3)–H borylation with silylboranes, see: T. A. 
Boebel, J. F. Hartwig, Organometallics, 2008, 27, 6013. 

6 The B−B, B−C, and B−H bond energies of closely related boron 
compounds have been estimated by theoretical calculationis. According to 
these reports, the deference of bond break and formation energy for 
H−Bpin + C−H → C−Bpin + H2 is larger than that of Bpin−Bpin + C−H → 
C−Bpin + H−Bpin by 15 kcal/mol. See, (a) P. Rablen, J. F. Hartwig, J. Am. 

Chem. Soc., 1996, 118, 4648. (b) S. Sakaki, T. Kikuno, Inorg. Chem., 1997, 
36, 226. 

7 For non-catalytic dehydrogenative borylation with borane, see (a) D. T. 
Huro, J. Am. Chem. Soc., 1948, 70, 2053. (b) A. Prokofjevs, E. Vedejs, J. 

Am. Chem. Soc., 2011, 133, 20056. 
8 Investigation of solvents with 5 mol% of [ReBr(CO)3(thf)]2 at 125 °C for 

24 h: decane 44%, xylene 90%, toluene 97%, chlorobenzene0 72%, 1,2-
dichloroethane 78%, dioxane 68%, acetonitrile 0%, DMF 0%. 

9 For B−H bonds activation promoted by rhenium complexes, see: (a) R. 
Garcia, A. Paulo, Â. Domingos, I. Santos, K. Ortner, R. Alberto, J. Am. 

Chem. Soc., 2000, 122, 11240. (b) S. Muhammad, S. Moncho, E. N. 
Brothers, A. A. Bengali, Chem. Commun., 2014, 50, 5874. 

10 Investigation of catalysts (5 mol%−Mtl) in toluene at 125 °C for 24 h: 
[ReBr(CO)5(thf)]2 97%, ReBr(CO)5 69%, ReCl(CO)5 74%, Re2(CO)10 28%, 
[RhCl(cod)]2 6%. The following catalysts did not give the borylated 
compound 2a: Mn2(CO)10, MnBr(CO)5, and [HRe(CO)4]n, Ru3(CO)12, 
Ru3(CO)12/PCy3, RhCl(PPh3)3, Ir4(CO)12 [IrCl(cod)]2, [IrCl(cod)]2/dtbpy 
(4,4-di-tert-butyl bipyridine),  [Ir(OMe)(cod)]2/dtbpy, Ni(cod)2, Pd2(dba)3, 
Pd(OAc)2, Pd(PPh3)4, AuCl(PPh3), Bi(OTf)3. 

11 Y. Kuninobu, T. Iwanaga, T. Omura, K. Takai, Angew. Chem. Int. Ed. 
2013, 52, 4431. 

12 In the presence of hydrogen acceptors such as norbornene, 3,3-dimethyl-
1-butene, and 1,5-cycloocatadiene, the yield of 2a was decreased. 

13 The borylated compounds 2 in this work are slightly unstable to silica gel, 
but stable against water, heat, and air. Purification was done by flash 
column chromatography on silica gel, which was neutralized by 
triethylamine before use. The N−B coordinated heterocycle 4, which was 
formed via the C(sp2)−H bond borylation was much stable than 2. 

14 Time-course of the formation of 2a, 2b, 2d, and 2g are shown in Figure 
S3 in ESI. 

15 See electronic supplementary information for the detail of X-ray crystal 
analysis data. CCDC-1035997 contains the supplementary crystallographic 
data for 2d. These data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_ request/cif. 

16 Intramolecular complexes of nitrogen-containing π-conjugated molecules 
with N−B coordination have gained increasing attention from the 
viewpoint of development of new π-electron materials. See: (a) A. Loudet, 
K. Burgess, Chem. Rev., 2007, 107, 4891. (b) Y.-L. Rao, H. Amarne, S. 
Wang, Coord. Chem. Rev., 2012, 256, 759. (c) P. G. Campbell, A. J. V. 
Marwitz, S.-Y. Liu, Angew. Chem. Int. Ed., 2012, 51, 6074. 

17 Treatment of 1a with Et3SiH, benzaldehyde, and methyl acrylate in the 
presence of rhenium complexes such as [ReBr(CO)3(thf)]2 and Re2(CO)10 
to trap the rhenacycle intermediate did not afford the corresponding 
adducts. 

18 For the concerted metallation-deprotonation (CMD) pathway, see: D. 
Lapointe, K. Fagnou, Chem. Lett., 2010, 39, 1118. 

19 The use of BH3-SMe2, BH3-thf, and HBBr2 did not afford any borylated 
products. 

20 Unfortunately, no change of the chemical shifts were observed both in 1H 
and 11B NMR studies on the addition of 0.50 equiv of 9-BBN to 2-(N,N-
dimethylamino)pyridine 1a in C6D6 at 25 or 60 or 80 °C. This result can be 
explained by considering that the B−N interaction is weak probably due to 
the steric hindrance of 9-BBN, and coordinated B−N species dissociates 
faster than the NMR time scale under above conditions. 

21 For a review on a σ-CAM, see: R. N. Perutz, S. Sabo-Etienne, Angew. 

Chem. Int. Ed., 2007, 46, 2578. 
22 For study on reaction mechanism of the dehydrogenative borylation with 

HBpin, see: (a) C. N. Iverson, M. R. Smith III, J. Am. Chem. Soc., 1999, 
121, 7696. (b) K. M. Waltz, J. F. Hartwig, J. Am. Chem. Soc., 2000, 122, 
11358.  

23 A stoichiometric reaction of [ReBr(CO)3(thf)]2 with 9-BBN in C6D6 at 
70 °C for 30 min afforded the new borylated species, which could be 
detected by 11B NMR (see Figure S4 in ESI). Thus, an alternative 
mechanism via the formation of Re−B or Re−H complexes from the 
reaction of [ReBr(CO)3(thf)]2 with 9-BBN cannot be ruled out, although 
the structure of the intermediate could not be identified. For a similar 
reaction mechanism, see refs. 4a and 4b. A detailed study to clarify the 
reaction mechanism is underway, and this will be reported in the near 
future. 

 

   

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


