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ABSTRACT: A base-mediated trans-hydroboration of propiolamides that provides access to previously elusive primary and sec-
ondary (E)-β-borylacrylamide products has been developed. In the presence of n-butyllithium and pinacolborane, complete regio- 
and stereoselectivity is observed affording the corresponding vinylboronate products in up to 91% yield. A wide variety of primary 
and secondary amides served as efficient substrates for this transformation. A plausible reaction mechanism is discussed involving 
substrate-assisted activation and a key intramolecular cyclization.

The boronic acid moiety has emerged as one of the most ver-
satile functional groups in modern organic synthesis because of 
its versatility in many chemical transformations. Most notable 
is their use as substrates in Suzuki-Miyaura cross-coupling re-
actions.1 Notwithstanding their importance in complex mole-
cule synthesis, boron-containing compounds are also valuable 
in medicinal chemistry as five small molecule organoboron 
drugs have been approved by the FDA.2 Thus, methods for their 
synthesis are needed. Classical hydroboration of carbon-carbon 
triple bonds using trivalent borane reagents generate organobo-
ron compounds with cis configuration;3 the resulting alkenyl-
boronates are particularly advantageous due to their desirable 
stability and reactivity profiles.4 More recently, reports of hy-
droboration of terminal alkynes provide access to previously 
elusive (Z)-vinylboronates.5 The more challenging transfor-
mation includes the corresponding hydroboration reactions of 
internal alkynes affording the trans-addition products (Scheme 
1). Toward this end, a handful of transition metal-catalyzed pro-
tocols using Ru,6 Pd,7 and Au8 have been developed. However, 
the corresponding transition metal-free trans-hydroboration re-
actions are scarce. In seminal work, Wang and Yamaguchi de-
veloped an elegant transition metal-free protocol utilizing a 2-
pyridyl group as an intramolecular directing group (Scheme 
1a).9  Complete regio- and stereoselectivity was observed, but 
the substrate scope was limited to dialkylboranes such as 9-
BBN and instability of the products lead to decreased yield dur-
ing isolation. An alternative approach by Ingleson and co-work-
ers involved an N-heterocyclic carbene (NHC)/9-BBN complex 
that transfers a hydride to B(C6F5)3 forming a borenium ion that 
coordinates to the alkyne facilitating the hydride transfer to af-
ford the desired product (Scheme 1b).10 Subsequently, Tanigu-
chi et al. reported a radical-mediated reaction of internal al-
kynes with NHC-activated borane, which is catalyzed by di-te- 

Scheme 1. Strategies for the Transition Metal-Free trans-
Hydroboration of Internal Alkynes
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rt-butyl peroxide (Scheme 1c).11 Excellent regio- and stereose-
lectivity was observed acro-ss a broad range of substrates, alt-
hough terminal alkynes and alkynoates suffered from reduced 
yields. More recently, a phosphine-catalyzed method was inde-
pendently reported by our group, Sawamura, and Vilotijevic 
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(Scheme 1d).12 The hydroboration reaction proceeded under 
mild conditions with less than 10% catalyst loading and a wide 
variety of alkynoate esters and tertiary propiolamides served as 
effective substrates affording hydroborated product in good to 
excellent yields. Drawbacks from these methods include lim-
ited scope with electron-deficient arenes and incomplete stere-
oselectivity with alkyl substrates.12 Most notably, primary and 
secondary propiolamides are inert under these reaction condi-
tions. However, the hydroboration of unsaturated amides is not 
unprecedented. For example, Li and co-workers recently re-
ported the rhodium-catalyzed reversed hydroboration of substi-
tuted acrylamides, which were subsequently oxidized before 
isolation. The transformation proceeded efficiently with excel-
lent regio- and stereoselectivity.13 Intramolecular coordination 
of the amide to rhodium in the reduced organorhodium species 
provided the necessary conformation for stereoselective boryla-
tion; this highlights the utility of amide coordination in sub-
strate-driven stereoselectivity. 

Inspired by these previous reports, we sought to develop a 
method to previously inaccessible primary and secondary (E)-
β-borylacrylamides. We envisioned a Brønsted base-mediated 
deprotonation that facilitates the formation of a tetrahedral bo-
rohydride intermediate similar to the diboration14 and silabora-
tion15 protocols recently reported by our group as well as al-
kynylboration16 methodology reported by Uchiyama (Scheme 
1e). We hypothesize that the borohydride complex is suffi-
ciently activated to deliver a hydride to the α-carbon and subse- 

aGeneral procedure: Propiolamide (0.2 mmol) was diluted in sol-
vent (0.1 M). Base (0.22 mmol) was added at –78 ⁰C. Pinacol-
borane (0.22 mmol) was added dropwise then the reaction was 
warmed to rt. b1.1 equiv of pinacolborane was used and the reaction 
was run for 4 h at 0.6 M. cReaction performed at 0.2 M with 12-
crown-4 (same equiv as n-BuLi). dReaction performed at 0.1 M 
with 12-crown-4 (1.1 equiv). eIsolated yield. CPME: cyclopen-
tylmethylether; DCM: dichloromethane. 

quent β-borylation generates the desired product with E config-
uration.14, 16 

We initiated our studies by first confirming that the phos-
phine-catalyzed protocol was incompatible with propiolamide 
substrates. Thus, treating propiolamide 1a with tri-n-butyl 
phosphine afforded no product, and starting materials were re-
covered (Table 1, entry 1).  Next, we employed a strong base 
such as n-BuLi (1.4 equiv) in the presence of 12-crown-4 and 
HBpin at –78 ⁰C to afford 2a in good yield (entry 2). The role 
of the crown ether is to chelate with the Li cation and generate 
a naked alkoxide of 1a, thereby increasing its Lewis basicity 
towards HBpin. Reducing the equivalency of reagents resulted 
in a minor increase in yield (entry 3), but diluting the reaction 
mixture further increased the product yield (entry 4). We pre-
sume that dilute conditions allow for more efficient solvation of 
ion aggregates.17 Excitingly, a  similar yield was obtained in the 
absence of crown ether (entry 5).18 This is advantageous as 
crown ether coelutes with the product and is difficult to remove. 
Reducing the equivalency of base and pinacolborane to 1.0 had 
minimal impact on product yield (entry 6). Alternative bases 
such as phenyllithium also efficiently mediated the transfor-
mation, albeit in slightly lower yield (entry 7). The use of a Gri-
gnard reagent such as EtMgBr resulted in an unsatisfactory 
yield (entry 8). Unfortunately, metal hydrides such as LiH do 
not mediate the hydroboration reaction, although the reason for 
this is unclear (entry 9). We found that LiTMP and LDA also 
afforded 2a, but at the cost off a modest reduction in yield (en-
tries 10 and 11). Weaker bases such as t-BuOLi or TEA were 
ineffective (entries 12 and 13). We next determined the effect 
of solvents. Replacing THF with toluene or CPME resulted in 
poor yields likely due to reduced solubility of ionic intermedi-
ates (entries 14 and 15). Dichloromethane as a solvent afforded 
2a in only a modest yield (entry 16). We thus chose n-BuLi as 
the base with THF as solvent as the optimized reaction condi-
tion (entry 5). Characterization of 2a by 11B NMR spectroscopy 
suggested internal coordination between B and carbonyl oxy-
gen (13 ppm). Following X-ray crystallographic studies, we un-
ambiguously confirmed the E configuration of the alkene and 
internal coordination as suggested by the B-O bond length of 
1.61 Å (Figure 1, see CCDC accession #1907779).  

With the optimal reaction conditions in hand, we sought to 
determine the substrate scope and limitations (Scheme 2). In-
creasing steric constraint on nitrogen was well tolerated. For 
example, N-propyl (1b), N-isopropyl (1c), and N-tert-butyl (1d) 
propiolamides efficiently afforded products 2b–2d in good 
yields. Further, an N-allyl substituted propiolamide (1e) was 
chemoselectively transformed to 2e in the presence of a com-
peting alkene. When the N-phenyl substituted propiolamide (1f) 
was treated with n-BuLi and HBpin, 2f was obtained in good 
yield but with contamination of inseparable impurities. How-
ever, switching the base to PhLi allowed the reaction to proceed 
smoothly in good yield. Substitutions on the aryl moiety were  

  

Figure 1. X-ray crystal structure of compound 2a (CCDC 
1907779, see Supporting Information)  

Table 1. Optimization of Reaction Conditionsa 
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Entry Solvent  Base/Catalyst 
(equiv) 

Temp 
(⁰C) 

Yield 
(%)e 

1b THF n-Bu3P (0.5) 60 0 
2c THF n-BuLi (1.4) –78 71 
3c THF  n-BuLi (1.1) –78 73 
4d THF  n-BuLi (1.1) –78 94 
5 THF n-BuLi (1.1) –78 90 
6 THF n-BuLi (1.0) –78 85 
7 THF PhLi (1.1) –78 78 
8 THF EtMgBr (1.1) –78 34 
9 THF LiH (1.1) 0 0 

10 THF LiTMP (1.1) –78 68 
11 THF LDA (1.1)  –78 52 
12 THF t-BuOLi (1.1) 0 0 
13 THF TEA (1.1) 0 0 
14 toluene n-BuLi (1.1) –78 25 
15 CPME n-BuLi (1.1) –78 30 
16 DCM n-BuLi (1.1) –78 64 
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also well tolerated. Aryl substituents with electron donating 
groups such as 4-methoxyphenyl (1g) and 2-methoxyphenyl 
(1h) substituted propiolamides efficiently afforded 2g and 2h in 
excellent yields. Alkyl substituents on the ring (1i–1k) were ef-
ficient substrates, although increasing steric bulk such as in  
Scheme 2. Substrate Scope of Secondary Propiolamidesa 
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aGeneral procedure: Propiolamide (0.25 mmol) was diluted in 

THF (0.1 M) and cooled to –78 ⁰C. n-Butyllithium (0.275 mmol, 
2.5 M in hexanes) was added at –78 ⁰C followed by pinacolborane 
(0.275 mmol), then the reaction was warmed to rt. bPerformed with 
PhLi. cPerformed with LiTMP. 

Scheme 3. Substrate Scope of Enyne and Aliphatic Second-
ary Propiolamidesa 
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these reactions were heated to 66 ⁰C for 1.5 h. 

mesityl group was accompanied by a modest reduction in yield. 
Propiolamides with electron withdrawing groups such as tri-
fluoromethyl (1l) and 3,5-difluoro (1m) were effective sub 
strates for this transformation and afforded products 2l–2m in 
good yields. Bromine at the ortho- or para-position of the aryl 
ring provided 2n and 2o; however, LiTMP as a base was uti-
lized to avoid the problematic lithium-halogen exchange with 
n-butyllithium. The reaction was also compatible with protect-
ing groups such as benzyl and MOM generating 2p and 2q, re-
spectively. Larger rings such as naphthalene 1r and heteroaryl 
ring systems like quinoline 1s as well as thiophenes 1t–u served 
as good substrates generating the corresponding borylated prod-
ucts 2r–2u. We surmised that the reduced yield for 2t may be 
due to the acidic 2-H on the thiophene unit. We confirmed this 
by performing the hydroboration on the 5-methylthiophene de-
rivative (1u) and observed an increase in product yield (2u). 
Finally, we confirmed the amenability of the transformation to 
scale up with a 1 mmol reaction of 1a affording 89% of isolated 
product (Scheme 2).  

With the substrate scope of aryl substituents established, we 
determined the tolerance of the reaction with non-aromatic sub-
stituents (Scheme 3). In the presence of enyne 3a, the triple 
bond was chemoselectively hydroborated (4a) in good yield. 
Under our reaction conditions, aliphatic substituted propiola-
mides 3b and 3c exclusively afforded single E isomers 4b and 
4c in fair to good yields. However, the phosphine-catalyzed hy-
droboration of propiolates with cyclic alkane substituents, such 
as cyclohexyl and cyclopropyl, resulted in a mixture of E and Z 
isomers.12a, b  

Primary amides are specially challenging for alkyne reduc-
tion as, to date, limited examples exist for this transformation.14-

15 Utilizing the developed method with 2 equiv of n-BuLi and 
pinacolborane, 3-phenylpropiolamide (5a) was borylated in ex-
cellent yield (Scheme 4). Other functional groups on the phenyl 
ring such as electron donating methyl (6b) and electron with-
drawing trifluoromethyl (6c) were likewise generated in good 
Scheme 4. Substrate Scope of Primary Propiolamidesa 
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aGeneral procedure: Propiolamide (0.11 mmol) was diluted in 

THF (0.1 M). n-Butyllithium (0.24 mmol, 2.5 M in hexanes) was 
added at –78 ⁰C. Pinacolborane (0.24 mmol) was added dropwise 
then the reaction was warmed to rt. bAfter reaching rt, the reaction 
was heated to 66 ⁰C for 1.5 h. 
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Scheme 5. Plausible Mechanism and Deuterium Incorpo-
ration Study.
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yields. Whereas 5-methylthiophene 6d was achieved in 61% 
yield, the linear alkyl substituted 6e was afforded in modest 
yield. Steric encumbrance around the β-carbon and the lack of 
resonance stabilization of the intermediate carbanion may re-
duce borylation efficiency (vide infra). 

A plausible mechanistic route to explain the reactivity and 
stereoselectivity observed is shown in Scheme 5, similar to a 
previously reported mechanism for the diboration of propiola-
mides.14  Deprotonation of 1a followed by addition of pinacol-
borane likely lead to borate complex 2I, which upon intramo-
lecular hydride transfer would yield the high energy vinyl anion 
2II. Intramolecular ring closure in a stereochemical determin-
ing step affords 2III. Subsequent work-up affords product 2a. 
To demonstrate that the hydrogen on the α-carbon of the prod-
uct is derived from pi-nacolborane, we performed a deuterium 
labeling utilizing deuteropinacolborane (Scheme 5B). Com-
pound 7a indicated 75% deuterium incorporation, suggesting 
mechanistically that a formal hydroboration is occurring. 

In conclusion, we have developed an efficient and stereose-
lective transition metal-free trans-hydroboration of primary and 
secondary propiolamides affording the corresponding (E)-β-
borylacrylamides. A wide substrate scope was demonstrated 
with a variety of aromatic, heteroaromatic, and aliphatic pro-
piolamides. This protocol provides a method for these other-
wise inaccessible commodity materials. Further investigations 
into the synthetic and medicinal applications of the borylated 
products is an ongoing area of research, which will be reported 
in due course. 

ASSOCIATED CONTENT  

Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website. 
 
Experimental procedures and NMR data (PDF).  
 
Accession Codes 
 
CCDC 1907775, 1907776, 1907777, 1907778, and 1907779 con-
tain the supplementary crystallographic data for this paper. These 
data can be obtained free of charge via 
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_re-
quest@ccdc.cam.ac.uk, or by contacting The Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; 
fax: +44 1223 336033.). 

AUTHOR INFORMATION 

Corresponding Author 
* E-mail: santosw@vt.edu  
ORCID: 0000-0002-4731-8548 

Author Contributions 
‡R. Justin Grams and Russell G. Fritzemeier contributed equally 
to this work.  

ACKNOWLEDGMENT  
We acknowledge financial support by the National Science Foun-
dation under (CHE-1414458) and under (CHE-1726077) for X-ray 
crystallography experiments. We also thank the Virginia Tech 
graduate school for fellowship funding for R. Justin Grams and 
Russell G. Fritzemeier.  

 
REFERENCES 

 
(1) (a) Miyaura, N.; Suzuki, A., Chem. Rev. 1995, 95, 2457-2483; (b) 

Han, F.-S., Chem. Soc. Rev. 2013, 42, 5270-5298; (c) Martin, R.; 
Buchwald, S. L., Acc. Chem. Res. 2008, 41, 1461-1473; (d) Chemler, 
S. R.; Trauner, D.; Danishefsky, S. J., Angew. Chem. Int. Ed. 2002, 40, 
4544-4568. 

(2) (a) Adams, J.; Behnke, M.; Chen, S.; Cruickshank, A. A.; Dick, 
L. R.; Grenier, L.; Klunder, J. M.; Ma, Y. T.; Plamondon, L.; Stein, R. 
L., Bioorg. Med. Chem. Lett. 1998, 8, 333-338; (b) Kupperman, E.; 
Lee, E. C.; Cao, Y.; Bannerman, B.; Fitzgerald, M.; Berger, A.; Yu, J.; 
Yang, Y.; Hales, P.; Bruzzese, F.; Liu, J.; Blank, J.; Garcia, K.; Tsu, 
C.; Dick, L.; Fleming, P.; Yu, L.; Manfredi, M.; Rolfe, M.; Bolen, J., 
Cancer Res. 2010, 70, 1970-1980; (c) Akama, T.; Baker, S. J.; Zhang, 
Y.-K.; Hernandez, V.; Zhou, H.; Sanders, V.; Freund, Y.; Kimura, R.; 
Maples, K. R.; Plattner, J. J., Bioorg. Med. Chem. Lett. 2009, 19, 2129-
2132; (d) Baker, S. J.; Zhang, Y.-K.; Akama, T.; Lau, A.; Zhou, H.; 
Hernandez, V.; Mao, W.; Alley, M. R. K.; Sanders, V.; Plattner, J. J., 
J. Med. Chem. 2006, 49, 4447-4450; (e) Hecker, S. J.; Reddy, K. R.; 
Totrov, M.; Hirst, G. C.; Lomovskaya, O.; Griffith, D. C.; King, P.; 
Tsivkovski, R.; Sun, D.; Sabet, M.; Tarazi, Z.; Clifton, M. C.; Atkins, 
K.; Raymond, A.; Potts, K. T.; Abendroth, J.; Boyer, S. H.; Loutit, J. 
S.; Morgan, E. E.; Durso, S.; Dudley, M. N., J. Med. Chem. 2015, 58, 
3682-3692. 

(3) (a) Das, B. C.; Thapa, P.; Karki, R.; Schinke, C.; Das, S.; 
Kambhampati, S.; Banerjee, S. K.; Van Veldhuizen, P.; Verma, A.; 
Weiss, L. M.; Evans, T., Future Med. Chem. 2013, 5, 653-676; (b) 
Smoum, R.; Rubinstein, A.; Dembitsky, V. M.; Srebnik, M., Chem. 
Rev. 2012, 112, 4156-4220; (c) Trost, B. M.; Ball, Z. T., Synthesis 
2005, 853-887; (d) Barbeyron, R.; Benedetti, E.; Cossy, J.; Vasseur, J. 
J., Tetrahedron 2014, 70, 8431-8452; (e) Brown, H. C.; Ravindran, N., 
J. Am. Chem. Soc. 1976, 98, 1785-1798. 

(4) (a) Hall, D., Boronic acids: Preparation, applications in organic 
synthesis, medicine and materials. 2 ed.; Wiley-VCH GmbH & Co.: 
Weinheim, 2011; Vol. 1 and 2; (b) Fyfe, J.; Watson, A., Chem 2017, 3, 
31-55; (c) Organoboranes for Syntheses. 2001; Vol. 783. 

(5) (a) Obligacion, J. V.; Neely, J. M.; Yazdani, A. N.; Pappas, I.; 
Chirik, P. J., J. Am. Chem. Soc. 2015, 137, 5855-5858; (b) Jang, W. J.; 
Lee, W. L.; Moon, J. H.; Lee, J. Y.; Yun, J., Org. Lett. 2016, 18, 1390-
1393; (c) Gunanathan, C.; Hölscher, M.; Pan, F.; Leitner, W., J. Am. 
Chem. Soc. 2012, 134, 14349-14352; (d) Ohmura, T.; Yamamoto, Y.; 
Miyaura, N., J. Am. Chem. Soc. 2000, 122, 4990-4991; (e) Wang, T.; 
Jentgens, X.; Daniliuc, C. G.; Kehr, G.; Erker, G., ChemCatChem 
2017, 9, 651-658; (f) Gorgas, N.; Alves, L. G.; Stöger, B.; Martins, A. 
M.; Veiros, L. F.; Kirchner, K., J. Am. Chem. Soc. 2017, 139, 8130-
8133. 

(6) (a) Sundararaju, B.; Fürstner, A., Angew. Chem. Int. Ed. 2013, 
52, 14050-14054; (b) Song, L. J.; Wang, T.; Zhang, X.; Chung, L. W.; 
Wu, Y. D., ACS Catal. 2017, 7, 1361-1368. 

(7) (a) Xu, S.; Zhang, Y.; Li, B.; Liu, S.-Y., J. Am. Chem. Soc. 2016, 
138, 14566-14569; (b) Yang, Y.; Jiang, J.; Yu, H.; Shi, J., Chem. - Eur. 
J. 2018, 24, 178-186. 



 

 

5  

(8) Wang, Q.; Motika, S. E.; Akhmedov, N. G.; Petersen, J. L.; Shi, 
X., Angew. Chem. Int. Ed. 2014, 53, 5418-5422. 

(9) Yuan, K.; Suzuki, N.; Mellerup, S. K.; Wang, X.; Yamaguchi, S.; 
Wang, S., Org. Lett. 2016, 18, 720-723. 

(10) McGough, J. S.; Butler, S. M.; Cade, I. A.; Ingleson, M. J., 
Chem. Sci. 2016, 7, 3384-3389. 

(11) Shimoi, M.; Watanabe, T.; Maeda, K.; Curran, D. P.; Taniguchi, 
T., Angew. Chem. Int. Ed. 2018, 57, 9485-9490. 

(12) (a) Nagao, K.; Yamazaki, A.; Ohmiya, H.; Sawamura, M., Org. 
Lett. 2018, 20, 1861-1865; (b) Fritzemeier, R.; Gates, A.; Guo, X.; Lin, 
Z.; Santos, W. L., J. Org. Chem. 2018, 83, 10436-10444; (c) Zi, Y.; 
Schömberg, F.; Seifert, F.; Görls, H.; Vilotijevic, I., Org. Biomol. 
Chem. 2018, 16, 6341-6349. 

(13) Gao, T.-T.; Zhang, W.-W.; Sun, X.; Lu, H.-X.; Li, B.-J., J. Am. 
Chem. Soc. 2019, 141, 4670-4677. 

(14) Verma, A.; Snead, R. F.; Dai, Y.; Slebodnick, C.; Yang, Y.; Yu, 
H.; Yao, F.; Santos, W. L., Angew. Chem. Int. Ed. 2017, 56, 5111-5115. 

(15) Fritzemeier, R.; Santos, W. L., Chem. Eur. J. 2017, 23, 15534-
15537. 

(16) Nogami, M.; Hirano, K.; Morimoto, K.; Tanioka, M.; 
Miyamoto, K.; Muranaka, A.; Uchiyama, M., Org. Lett. 2019, 21, 
3392-3395. 

(17) (a) Lucht, B. L.; Collum, D. B., J. Am. Chem. Soc. 1994, 116, 
6009-6010; (b) Lucht, B. L.; Collum, D. B., J. Am. Chem. Soc. 1995, 
117, 9863-9874. 

(18) Note that use of crown ether was necessary for the efficient 
diboration and silaboration of alkynamides; see ref. 14 and 15. 

 


