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Graphical Abstract 

 

 

The Et2Zn-promoted -trans hydroboration of ynamides leads to a stereoselective construction of enamides bearing a valuable 

boryl substituent. Further transformation of the C-B bond in the product via Suzuki-Miyaura coupling provides a simple and 

stereospecific route to multi-substituted enamides. 
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ABSTRACT 
The trans-hydroboration of alkyne represents a challenging task in organic synthesis. Reported herein is an Et2Zn promoted -trans hydroboration of 

ynamides by using N-heterocyclic carbene (NHC)-ligated borane as boryl source. The reaction leads to a stereoselective construction of enamides bearing 

a valuable boryl substituent. Both aromatic and aliphatic ynamides were applicable to the reaction. Synthetic transformation of the C-B bond in the product 

via Suzuki-Miyaura coupling provides a simple and stereospecific route to multi-substituted enamides. Mechanistic studies were conducted and the 

possible mechanism was discussed 

 

Enamide 
 

 

 

Hydroborations of alkynes provide facile routes to alkenyl boron compounds [1]. Typically, the cis-adducts are preferentially formed 

due to the concerted nature of direct hydroboration with trivalent boranes and the cis-selective property of migratory insertion when 

transition metal is involved. Examples on trans-hydroboration, however, are rare [2], and largely rely on the use of specifically designed 

catalyst or the use of directing group.  

Ynamides, as a special class of alkynes with a nitrogen atom bonded directly to a sp-hybridized carbon, show intriguing reactivity in 

numerous synthetic transformations [3]. The biased distribution of the  electrons also renders the high regioselectivity possible. Recently, 

we have been engaged in the hydrofuctionalization reactions of ynamide toward the synthesis of structurally complex molecules [4]. The 

hydroboration of ynamides, would deliver alkenes substituted with two valuable functional groups. The first example of hydroboration 

of ynamide was disclosed by Witulski in 2000 wherein N-sulfonyl ynamide reacts directly with catecholborane to give a -E-vinylborane 

with exclusive region- and stereoselectivity (Scheme 1a) [5]. Only terminal ynamide was applicable and the product was found to be 

instable and difficult for isolation. In the aid of a zirconocene [6] or copper(I) [7] catalyst, the -selective cis-hydroborations of internal 

ynamides was also recently realized (Schemes 1b and c). Interestingly, a similar copper(I) catalytic system comprising a different 

phosphine ligand reverses the regioselectivity to deliver an -selective cis-adduct, as reported by Zhu (Scheme 1d) [8]. In spite of these 

elegant progresses, to date, no general methods on the -selective trans-hydroboration of ynamides have been known from the literature, 

although the products from this process are useful synthons in organic synthesis. 

Different from the typical concerted hydroboration and organometallic hydroboration mechanism, we envisioned that a boryl radical 

addition pathway might be suited for a -selective trans-hydroboration of ynamides. Recently, Lewis-base ligated boranes are 

demonstrated to be efficient boron sources for organoboron preparation [9]. Particularly important is the N-heterocyclic carbene (NHC)-

boryl radicals, prepared via hydrogen abstraction from NHC-BH3 with different initiators, are known to undergo radical addition reactions 

to activated alkenes and alkynes [10]. Other inspiration comes from the elegant studies by Perez-Luna, who demonstrated the trans-

selective radical silylzincation ynamides was efficient by using a combination of TMS3SiH/Et2Zn [11]. We thus reasoned a similar radical 

borylzincation pathway should be possible given the similarity of boryl-centered radical with sily-centered radicals in terms of bond 

dissociation energy (X-H) and polarity [12]. 
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Scheme 1. Reported hydroboration of ynamides and inspiration of this work. 

 

We commenced our studies by investigating the reaction of phenyl-substituted N-sulfonyl ynamide 1a with 1,3-dimethylimidazol-2-

ylidene borane 2a (2.0 equiv.) in the presence of 3.0 equiv. of Et2Zn in n-hexane [11a]. When the reaction was conducted at room 

temperature, incomplete conversion of the ynamide 1a was found (entry 1, Table 1). Nevertheless, the desired hydroboration product 3a 

was isolated in 15% yield as a single region- and stereoisomer. The structure of 3a was unambiguously confirmed by X-ray 

crystallographic analysis (CCDC Repository No. 1949342. See the ESI for details). Elevating the temperature to 60 oC led to an improved 

yield of 54% (entries 2 and 3). The trans-hydrogenation forming compound 4 (36% yield) was identified as the major side reaction. No 

improvement was accomplished by screening different solvents (entries 4-10). Further, the employment of different Et2Zn loadings 

(entries 11-13), or different reaction concentrations (entries 14-17) all failed to give a better yield. Surprisingly, the use of Curran’s boryl 

radical addition conditions, featuring the use of di-tert-butyl peroxide as initiator, resulted in only trace amount of product (entry 18) 

[10c]. Also, the use of Wang’s radical conditions (AIBN as initiator, RSH as hydrogen shuttle, CH3CN, 80 oC) gave no desired product 

(entry 19) [10g]. Interestingly, the use of I2 as catalyst, which may form a borenium ion by reacting with NHC-BH3, also give the desired 

product, although in a low 19% yield (entry 20) [13]. Other Lewis-base ligated borane sources, such as pyridine-BH2 (2b) and Me3N-BH3 

(2c) were also test, but no reactivity was found. Thus, the optimized reaction conditions were identified as: 3.0 equiv. of Et2Zn, 0.2 mol/L 

in n-hexane at 60 oC for 3 h (entry 3). 
 

Table 1 

Reaction optimization.a 

 

Entry Initiator (equiv.) 
Temp. 

(oC) 
Solvent (mL) 

Yield 

(%)b 

1 Et2Zn (3.0) r t n-hexane (1) 15 

2 Et2Zn (3.0) 40 n-hexane (1) 27 

3 Et2Zn (3.0) 60 n-hexane (1) 54 

4 Et2Zn (3.0) 60 1,4-dioxane (1) trace 

5 Et2Zn (3.0) 60 THF (1) 10 

6 Et2Zn (3.0) 60 n-pentane (1) 50 

7 Et2Zn (3.0) 60 n-octane (1 ) 48 

8 Et2Zn (3.0) 60 DCE (1) 42 

9 Et2Zn (3.0) 60 PhCl (1) 37 

10 Et2Zn (3.0) 60 PhMe (1) 42 

11 Et2Zn (3.0) 60 n-hexane (1) 32 

12 Et2Zn (1.5) 60 n-hexane (1) 40 
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13 Et2Zn (2.0) 60 n-hexane (1) 42 

14 Et2Zn (3.0) 60 n-hexane (0.5) 38 

15 Et2Zn (3.0) 60 n-hexane (1.5) 46 

16 Et2Zn (3.0) 60 n-hexane (2) 39 

17 Et2Zn (3.0) 60 n-hexane (3) 28 

18 (tBuO)2 (2.0) 120 PhH trace 

19 
AIBN (0.2)/ 

C9H19C(CH3)2SH (0.5) 
80 CH3CN 0 

20 I2 (0.2) r.t. DCM 19 
a Reaction conditions: 1a (0.2 mmol), 3 h, N2.  
b Isolated yields.  
 

The scope and generality of this -selective trans-hydroboration was then investigated. As shown in Table 2, aryl ynamides substituted 

with methyl (3b), ethyl (3c), tert-butyl (3d), fluoro (3e-g), chloro (3h), bromo (3i), CF3 (3j), and ester (3k, 3l) on the aryl ring all led to 

satisfactory yields. But the nitro functional group was not compatible well (3n), as significant amount of hydrogenation side product was 

formed. A thiophen-substituted substrate was also applicable for hydroboration (3o). Substrates with ortho-substitutent are potentially 

steric hindered, but their reactivity was not compromised (3g, 3h). In addition to aryl ynamides, alkyl ynamides underwent hydroboration 

as well (3p-r). It was found the reaction is quite sensitive to the protecting group on the nitrogen, as the displacement of Ms with Ts (1s, 

1u, 1v), or Ns (1t), or the use of oxazolidinone derived (1w) ynamdies all shut down the reactivity completely. 
 

 
Scheme 2. Substrate scope. 

 

The mechanism of the reaction is worthy of discussion. According to the work of Perez-Luna, a mechanism involving the formation of 

boryl radical could be envisioned (Scheme 3a) [11a]. Firstly, a boryl radical is expected to be formed via the H atom transfer between 

NHC-BH3 and ethyl radical. This radical A then adds across the C-C triple bond of ynamides. The regioselectivity of this step is in 

accordance to the addition reaction of silyl-centered radicals [11a]. The newly formed -nitrogen-substituted vinylic radical B, could 

either react with Et2Zn by SH2 (hemolytic substitution) to form a vinylzinc intermediate C, or could directly abstract a hydrogen from the 
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NHC-BH3 to deliver the final product. The protonation of the C-Zn bond in C during aqueous workup could also provide the hydroboration 

product. 

 

 
Scheme 3. Proposed reaction pathways. 

 

To distinguish these two pathways and explore the possibility of alternative reaction mechanism, a series of experiments were then 

conducted. First, the use of deuterated NHC-BD3 under the same reaction conditions led to a product with complete deuterium 

incorporation (Scheme 4a), which suggest the product is not derived from the protonation of vinylzinc C. The analysis of the side 

hydrogenation product concluded that the hydrogen  to the nitrogen comes from the NHC-BH3 as well (Scheme 4a), while the one  to 

the nitrogen is derived from water (Scheme 3b). The use of TEMPO or BHT as radical scavenger led to lower yields (Scheme 4b), but 

not as significant as observed by Curran in his NHC-boryl radical addition reaction [10d]. In addition, a but-3-en-1-yl substituted ynamide 

1x gave a low yield of hydroboration due to low conversion (Scheme 4d). This may suggest the reaction is sensitive to steric hindrance. 

Further, the absence of cyclization product, together with results of the radical inhibition experiment, may rule out the formation of  

vinylic radical (B, Scheme 3) in this reaction. Competition experiments with equal amount of NHC-BH3 and NHC-BD3 revealed a primary 

isotope effect value of 2.4 (Scheme 4e). HRMS analysis of the product showed the existence of four H/D scrambling compounds, thus 

excluding a concerted reaction mechanism. Prop-1-yn-1-ylbenzene and methyl 3-phenylpropiolate were two substrates applicable in 

Curran’s radical trans-hydroboration of alkynes [10c]. However, no reactivity was observed when these two substrates were used in our 

protocol, suggesting the same boryl radical may not be formed (Scheme 4f). 
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Scheme 4. Mechanistic studies.  

 

Based on these observations, although we cannot fully exclude the radical pathway at this time, an alternative polar mechanism is 

proposed (Scheme 3b). The polarization of the ynamide triple bond due to the electron-donation of nitrogen affords a keteniminium, 

which makes the -carbon of ynamide electrophilic. Thus, the hydride transform from the NHC-BH3 is expected to occur regioselectively. 

This process would release a borenium ion, similar species has been previously proposed [14]. The vinyl anion D may be trapped rapidly 

with Et2Zn to form a -vinylzinc adduct E, which then reacts with the previously formed borenium ion to deliver the hydroboration 

product. On the other hand, since the borenium ion is unstable and may be partly consumed via unproductive pathways, some amount of 

the vinylzinc E may remain untouched during the reaction. The protonation of E upon aquous workup then forms the side hydrogenation 

product. This mechanistic profile seems in better agreement with the mechanistic studies.  

Finally, the synthetic transformation of the C-B bond in the product was achieved via a palladium-catalyzed Suzuki-Miyaura coupling 

with aryl iodides, providing a simple and stereospecific route to multi-substituted enamides (Eq. 1).  

 
In summary, we have developed an Et2Zn-promoted - and trans-selective hydroboration of ynamides. The reaction is compatible with 

a series of aryl and alkyl substituents and provides the borylated enamides in generally acceptable yields. The derivatization of the product 

was demonstrated. The mechanism was discussed and a step-wise polar hydroboration pathway was suggested. 
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